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Abstract 

The red seaweed Asparagopsis armata is a target species for aquaculture due to its 

efficacy as an anti-methanogenic ruminant feed additive. However, limited knowledge 

regarding its reproductive biology and methods for closed-life cycle cultivation has delayed 

adoption of this method in aquaculture. This thesis therefore aimed to address these 

knowledge gaps by investigating (1) reproductive phenology, (2) techniques for inducing 

life-cycle transitions, (3) nursery requirements, and (4) internal mechanisms regulating 

reproductive processes in A. armata.  

A comparative analysis of A. armata reproductive phenology in New Zealand from 

2021 to 2022, compared to 1978 to 1981, identified potential climate-driven shifts in 

phenology. Specifically, the occurrence period of gametophytes was shorter, and cystocarp 

production and viable carpospore release were delayed in comparison to 1978–1981. 

Discoloration, low reproductive output, and low survival rates in 2022 were likely caused by 

heat stress. These findings will help guide aquaculture practises and advance our 

understanding of climate change effects on seaweed reproductive phenology through 

future comparative studies. 

Mass production and release of tetraspores in domesticated A. armata 

tetrasporophytes was demonstrated through a 14-day exposure to a reduced critical 

photoperiod of 8 h L:16 h D. Increasing the temperature from 15 to 18 °C resulted in a 

marked increase in tetraspore release, whereas exposure to 11 and 13 °C, along with lower 

light intensities and nutrient concentrations, did not initiate tetrasporogenesis. These 

results highlight the importance of temperature, among other environmental factors, in 

controlling reproductive output. A distinct bimodal pattern in tetraspore release was 
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observed, and tetrasporogenesis could be re-induced in the same biomass by adjusting key 

environmental parameters. These findings collectively offer precise control over 

tetrasporogenesis, facilitating commercial hatchery production.  

Key parameters for enhancing the growth and development of juvenile 

gametophytes of A. armata were identified, notably moderate temperature and water flow, 

which resulted in substantial biomass productivity increases. Gametophytes developed 

more rapidly under a 12h L:12h D photoperiod, while growth was enhanced under lower 

irradiances. Additionally, lowering nutrient concentrations resulted in cleaner cultures 

without compromising growth. These results elucidate the influence of environmental 

factors during the early life stages of A. armata, providing essential insights to enable large-

scale nursery operations.  

Finally, an analysis of metabolomic and transcriptomic dynamics during induction of 

tetrasporogenesis identified marked changes in gene expression. While metabolomic 

changes were less prominent, accumulation of several metabolites occurred. Multiple 

pathways and genes, such as those related to polyamine and steroid hormone production, 

environmental signalling, and carbon metabolism, were upregulated during induction. 

These results demonstrate a dynamic biochemical and molecular response, particularly in 

the early stages of initiating tetrasporogenesis, laying the groundwork for identifying 

candidate genes and metabolites that regulate this process.   

In summary, this thesis significantly advances the science and knowledge required 

for the successful cultivation of A. armata by creating foundations to (1) guide the selection 

of cultivation techniques, (2) develop climate-resilient management strategies, (3) enable 

the implementation of streamlined commercial hatcheries and nurseries, and (4) direct 
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future research aimed at deciphering the fundamental internal mechanisms of reproductive 

transitions in seaweed.  
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Chapter 1 

General Introduction 

 

1.1. Introduction 

The concentration of atmospheric methane (CH4) has increased 2.6-fold since the 

beginning of the industrial era in 1750, reaching ~1875 ppb in 2018 and constituting 

approximately 18% of global greenhouse gas emissions (IPCC 2007, 2014, ClimateWatch 

2022). The high global warming potential (28 times greater per unit of mass compared to 

carbon dioxide on a 100-year time scale (Boucher et al. 2009, IPCC 2014)) and short 

atmospheric lifetime of methane (approximately 12 years) make mitigating methane 

emissions an attractive target for alleviating the impacts of climate change over shorter 

decadal time scales (Collins 2018). Agricultural practises are the primary source of 

anthropogenic methane emissions (42%) (ClimateWatch 2022) and agricultural emissions 

must be reduced by 24 to 47% from the 2010 level by 2050 to meet projected targets from 

the Paris Climate Agreement (Masson-Delmotte 2018, Arndt et al. 2022). Enteric 

fermentation – a process where methane is produced through the anaerobic fermentation 

of feed organic matter (OM) during ruminant digestion (Basarab et al. 2013) – is a major 

source of agricultural greenhouse gas emissions (Figure 1.1) accounting for 47 and 74% of 

agricultural methane emissions globally and in New Zealand, respectively (MfE 2020, 

ClimateWatch 2022). Creating sustainable ruminant production systems by developing 

strategies to mitigate methane emissions from enteric fermentation is therefore of high 

priority both globally and in New Zealand (O’Mara 2011, Tubiello et al. 2013, Reisinger et al. 

2017, Leahy et al. 2019). New Zealand has a biogenic methane reduction target of 10% by 
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2030 and 24–47% by 2050 below 2017 levels, and has signed up to the Global Methane 

Pledge together with over 100 countries to take voluntary actions towards reducing global 

methane emissions by at least 30% by 2030 below 2020 levels (Climate Change Comission 

2023). However, New Zealand’s current climate policies and actions have been rated as 

“highly insufficient” (Climate Action Tracker 2023). The implementation and rapid 

advancement of the agricultural emissions pricing system, in combination with the 

availability of practical and effective agricultural methane mitigation strategies to New 

Zealand farmers, will be crucial for meeting these targets (Climate Change Comission 2023).  

 

Figure 1.1 Top five sources of total GHG 
emissions from the agriculture sector globally (A) 
and in New Zealand (B). Data sourced from 
Ministry for the Environment (2020) and Climate 
Watch (2022).  
 

 

 

 

 

 

 

 
Strategies for mitigating enteric methane emissions include legislation (Key and Tallard 

2012), selective breeding (Basarab et al. 2013), antibiotics (e.g. Monensin) (Grainger et al. 

2008), nutritional strategies (Beauchemin et al. 2008, Hristov et al. 2013), feed additives 

(Hristov et al. 2013, Durmic et al. 2014, Machado et al. 2014, Bayat et al. 2018, DSM 2019, 
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Melgar et al. 2020), and vaccines (Williams et al. 2009, Wedlock et al. 2010) (Table 1.1). 

Cattle can be selectively bred to have lower residual feed intakes due to the inheritance of 

better feed conversion efficiencies, thereby lowering enteric methane production (Johnson 

et al. 2019). Nutritional strategies involve the manipulation of food composition, specifically 

crude protein, energy (fiber), fat, and water-soluble vitamins and minerals, to improve feed 

conversion efficiency (McGrath et al. 2018). While several feed additives contain nutrients, 

feed additives differ from nutritional strategies in that they are not fed to meet a ruminant’s 

nutritional requirements, rather, their purpose is to alter ruminal or post-ruminal 

metabolism (Hutjens 1991, McGrath et al. 2018). Feed additives, in particular seaweed 

secondary metabolites, are among the most effective and immediate of these mitigation 

strategies and are the focus of this thesis. 
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Table 1.1 Strategies for mitigating enteric CH4 emissions, their expectedreduction: low (0–10%), moderate (10–40%), and high (>40%) and their expected 
time to implementation: short-term (current or within 1–5 yrs), mid-term (trials in place, within 5–10 yrs), long-term (research and development stage, >10 
yrs). 

Mitigation strategy Expected global 
CH4 reduction 

Expected time to 
implementation Notes Source 

Legislation     
Emissions tax Low Short-term Can be imposed directly on CH4 emissions or on livestock 

commodities. 
1, 2 

Selective breeding     
Low RFI* Moderate Long-term Ruminants with low RFI would consume less dry matter and have 

improved feed conversion efficiencies. 
3, 4 

Nutritional strategies     
Replacing fibre with lipids Moderate Mid-term Reduction based on 6–8% increase in lipid concentration. Has also 

shown to increase milk production by 6.4%. 
5, 6 

Improving forage quality Moderate Mid-term E.g., Increasing the proportion of legumes/replacing grass silage with 
maize silage, but may indirectly increase GHG emissions. 

6, 7, 8 

Feed additives     
Fats/oils Moderate Mid-term Notably medium chain C8–C14 fatty acids. E.g., rapeseed, safflower, 

and linseed oil. 
9, 10 

Seaweed secondary 
metabolites 

High Short – mid-term E.g., Brown algal phlorotannins and red algal halogenated low 
molecular weight metabolites.  

11, 12, 13 

Essential oils Low – high Mid – long-term E.g., Maleleuca ericifolia and Malelauca teretifolia. 14, 15 
NOP-3 Moderate Short-term Blocks the activity of the nickel enzyme methyl coenzyme M 

reductase. Applications for registration approved by EPA in NZ.  
16, 17 

Antibiotics     
Monensin Low Considered unviable Inhibits the activity of select rumen microbes (gram-positive over 

gram-negative) associated with rumen fermentation. Deemed 
unviable due to public health authority concern. 

15, 18, 19 

Vaccines     
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Sheep immunisation Low Long-term Intended to induce an immune response causing a significant supply 
of salivary-produced methanogen-targeting antibodies.    

20, 21 

Source: Adapted from Mihaila (2020) 

*RFI: Residual feed intake, NOP-3: 3-Nitrooxypropanol 

Sources: 1Key and Tallard (2012); 2Narassimhan et al. (2018); 3de Haas et al. (2011); 4Pickering et al. (2015); 5Caro et al. (2016); 6Knapp et al. (2014); 7Hammond et 
al. (2013); 8Hart et al. (2015); 9Bayat et al. (2018); 10Chijioke and Rudinow (2018); 11Roque et al. (2021); 12Kinley et al. (2016); 13Mayberry et al. (2019); 14Gerber et 
al. (2013); 15Martin et al. (2010); 16Melgar et al. (2020); 17Jayanegara et al. (2018); 18Clark et al. (2011); 19Odongo et al. (2007); 20Wright et al. (2004); 21IPCC (2018)
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1.1. Seaweed 

Seaweeds are macroscopic, photosynthetic, polyphyletic, multicellular marine 

organisms that typically inhabit coastal waters (Lobban and Harrison 1994, Anis et al. 2017). 

Approximately 9,000 species of seaweed are broadly classified into three main phyla, 

Rhodophyta (red seaweeds), Ochrophyta (brown seaweeds), and Chlorophyta (green 

seaweeds), but ongoing revisions of classification and nomenclature mean this number is 

approximate (Bolton 2020). These are grouped based on differences in their pigmentation, 

composition of cell wall and energy storage compounds, and ultrastructural features. In 

New Zealand 919 species of seaweed have been identified to date, including 594, 183, and 

142 taxa in the Rhodophyta, Ochrophyta, and Chlorophyta phyla, respectively (Khan et al. 

2009). Seaweeds have been utilised as a source of food, industrial materials, and in 

botanical and therapeutic applications for over a millennium (Dillehay et al. 2008, Khan et 

al. 2009). Since the 1950s, seaweed cultivation has become an important global aquaculture 

practice (Buschmann et al. 2017). 

 

1.1.1. Seaweed aquaculture 

Seaweed aquaculture has been one of the fastest growing food production sectors 

globally since 1990, reaching 35.1 million tons and a commercial value of $US 16.5 billion in 

2022 (Chopin and Tacon 2021, FAO 2022). Along with seaweed aquaculture, seaweed 

biomass can be sourced from wild harvest and by beach-cast collection, however, these 

methods are not commonly used and seaweed aquaculture accounts for nearly all global 

seaweed production (97%) (Buschmann et al. 2017, FAO 2022). Asian countries account for 

97% of global seaweed aquaculture production, with China as the leading producer (58%) 
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followed by Indonesia (27%) and the Republic of Korea (5%) (FAO 2022). Major farmed 

seaweed species include Laminaria japonica (35.5%), Eucheuma spp. and Kappaphycus spp. 

(Eucheumatoids) (28.2%), Gracilaria spp. (14.8%), Undaria pinnatifida (8%), and Porphyra 

spp. (6.3%), which together account for over 90% of global seaweed aquaculture production 

(Buschmann and Camus 2019, FAO 2020). The majority of seaweeds are produced for 

human food applications (80%), either directly for human consumption (48%) or for the use 

of extracted hydrocolloids (alginates, agars, and carrageenans) in processed foods (32%) 

(Buschmann et al. 2017, FAO 2022, FAO and WHO 2022). Seaweed is also used for medicinal 

and pharmaceutical products, textile and paper printing, and agricultural applications (as 

components of animal feed or biostimulants for plant growth) (accounting for 20% 

collectively). Over recent decades, research has increasingly focused on the use of seaweeds 

in animal feed additives due to their production of secondary metabolites (Machado et al. 

2016a, Maia et al. 2016, FAO 2018a, b, Vijn et al. 2020, Min et al. 2021). 

 

1.1.2. Seaweed secondary metabolites  

Seaweeds produce a plethora of secondary metabolites with high bioactivity that 

enable them to cope with the ecological pressures associated with living in the marine 

environment, such as high levels of herbivory, and exposure to pathogens and epibionts 

(Lubchenco and Gaines 1981, Sudatti et al. 2018, Zerrifi et al. 2018). Secondary metabolites 

differ from primary metabolites in that they are not involved in the intrinsic function of an 

organism (i.e., growth and reproduction), but instead have important ecological functions. 

Green seaweeds have the lowest abundance of secondary metabolites, with fewer than 300 

identified compounds, while over 1,140 and 1,500 compounds have been identified in 

brown and red seaweed, respectively (Amsler 2008). Most of the secondary metabolites 
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produced by green seaweeds are terpenoids, most commonly sesquiterpenoids and 

diterpenoids produced primarily by members of the order Bryopsidales (Blunt et al. 2007). 

Phlorotannins, a class of phloroglucinol-based polyphenolic secondary metabolites, are 

unique to brown seaweed and consist of an extremely diverse group of molecules with high 

biological activity (Burtin 2003, Wijesekara et al. 2010, Pérez et al. 2016, Liu et al. 2018). 

Over 90% of the secondary metabolites produced by red seaweeds are halogenated 

compounds consisting of several chemical classes, including indoles, terpenes, polyketides, 

acetogens, phenols, and volatile halogenated hydrocarbons, i.e., hydrocarbon molecules 

where at least one carbon is replaced by a fluorine (F), chlorine (Cl), bromine (Br), or iodine 

(I) atom (Butler and Carter-Franklin 2004, Butler and Sandy 2009).  

Halogenated compounds are often reactive and have high bioactivity (Holdt and 

Kraan 2011). Extensive research has been conducted on these compounds for various 

biomedical and biotechnological applications (Blunt et al. 2009, Abad et al. 2011, Holdt and 

Kraan 2011, Yu et al. 2014), with numerous studies highlighting their potential as naturally 

sourced halogenated compounds with antimicrobial activity in pharmaceutical and food 

applications (Ito and Hori 1989, Cabrita et al. 2010, Holdt and Kraan 2011). For example, the 

bromophenol 3,3′,5,5′-tetrabromo-2,2′,4,4′-tetrahydroxydiphenylmethane isolated from the 

red alga Odonthalia corymbifera demonstrated significant in vitro antifungal activity against 

Candida albicans, the most prevalent cause of fungal infections in humans, as well as other 

common human pathogenic fungi including Aspergillus fumigatus and Trichophyton rubrum 

(Oh et al. 2008). The brominated diterpene 10-acetoxyangasiol isolated from Laurencia spp. 

exhibited strong in vitro antimicrobial activity against clinical human pathogenic bacteria, 

including Staphylococcus aureus, Staphylococcus sp., Salmonella sp., and Streptococcus 

pyogenes (Vairappan et al. 2008).  
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Halogenated compounds from seaweed can also be utilised as antimicrobial agents 

for preventing and curing diseases and managing parasitic infections in aquaculture 

(Bansemir et al. 2006). These could be applied either in addition or as an alternative to 

conventional medication in the aquaculture industry (Bansemir et al. 2006, Vatsos and 

Rebours 2015). For example, water-soluble components of Asparagopsis taxiformis were 

highly active against Neobenedenia sp., a commercially important ectoparasite of marine 

aquaria and aquaculture fish (Hutson et al. 2012). When administered to the seawater of 

hatchery-reared juvenile barramundi (Lates calcarifer) at dosage rates of 1 mL of extract per 

100 mL of seawater, Neobenedenia sp. hatching success was reduced by 96% compared to 

the control (Hutson et al. 2012). Similarly, white shrimp (Litopenaeus vannamei) fed diets 

containing compounds isolated from Gracilaria tenuistipitata at concentrations of ≤1.0 g per 

kg of feed exhibited increased immunity, as evidenced by enhancements in immune 

parameters such as phenoloxidase and lysozyme activities. Furthermore, white shrimp also 

showed greater resistance against bacterial (Vibrio alginolyticus) and viral (white spot 

syndrome virus) infections during challenge tests (Sirirustananun et al. 2011). The inclusion 

of A. taxiformis, Ulva fasciata, and Dictyota intermedia in fish feed pellets at 3% (by weight) 

also significantly boosted several innate immune parameters of the rabbit fish Siganus 

fuscescens (Thépot et al. 2021). Seaweed secondary metabolites also offer a potential 

solution for mitigating enteric methane emissions, which is discussed in more detail below. 

 

1.1.3. Seaweed secondary metabolites as antimethanogens 

Seaweed secondary metabolites have the potential to alter the rumen microbial 

ecosystem to inhibit methanogenesis and could provide a natural solution to mitigating 
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enteric methane emissions (Duarte et al. 2017, Morais et al. 2020). Various species of red, 

green, and brown seaweed, as well as several species of freshwater macroalgae, have 

been assessed for their capacity to reduce enteric methane production (Machado et al. 

2014, Kinley et al. 2016, Maia et al. 2016, Molina-Alcaide et al. 2017, Abbott et al. 2020), 

with over 20 species of seaweed demonstrating significant in vitro antimethanogenic 

effects (Table 1.2). Of note was the brown seaweed Dictyota bartayresii, which decreased 

enteric methane production during in vitro trials by 92.2% at a dose of 16.7% OM, but also 

caused a large reduction in the production of volatile fatty acids (VFAs), which act as the 

main direct source of ruminant energy (Machado et al. 2014). Moreover, in vitro trials 

with the red seaweeds Gigartina sp. and Gracilaria vermiculophylla and the green 

seaweed Ulva sp. found that these seaweeds decreased enteric methane production by 

44%, 59%, and 55%, respectively, when included at a dose of 25% OM (Maia et al. 2016). 

While fermentation efficiency was not compromised with the inclusion of these seaweeds, 

the high dose required to achieve the reported antimethanogenic effects would make it 

challenging to cultivate enough seaweed biomass to implement any of these species as 

feed additives over large-scale production systems. 

The red alga Asparagopsis is the top performing seaweed for naturally mitigating 

enteric methane emissions, producing halogenated compounds known to inhibit 

methanogenesis (McConnell and Fenical 1977, Denman et al. 2007, Tomkins et al. 2009). 

Experiments assessing the effect of Asparagopsis on rumen fermentation, both in vitro 

and in vivo, demonstrate that this species exhibits a potent antimethanogenic effect 

(≥98% reduction of methane) at exceptionally low doses ranging between 0.2–2% OM, 

without causing harmful effects on fermentation (Machado et al. 2014, Kinley et al. 2016, 

Li et al. 2016, Roque et al. 2019a, Roque et al. 2019b, Kinley et al. 2020, Roque et al. 
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2021). Implementing Asparagopsis as an antimethanogenic feed additive is therefore 

more feasible compared to other species of seaweed in terms of meeting the biomass 

requirements for commercialisation.  
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Table 1.2 Summary of marine seaweeds and freshwater macroalgae with anti-methanogenic effects in vitro and in vivo. ** indicates in vivo study. DOM = 
degradation of organic matter, FE = fermentation efficiency, FDE = feed efficiency, TGP = total gas production, VFA = volatile fatty acids, DMI = dry matter 
intake, n.e. = no effect, n.m. = not measured. 

Seaweed Dose (% OM) CH4 reduction (↓) vs. control Other effects Source 

Red seaweed      

Asparagopsis spp.* 

0.1, 0.2** 40% at 0.1; 90% at 0.2 n.e. VFA or DMI; ↑ 
productivity 1 

1, 2 >99% n.e. TGP or DOM 2 
16.7 >99% ↓TGP 3 

2, 6, 10 >99% ↓TGP; ↓VFA 4 
0.07, 0.125, 0.25, 0.5, 1, 2, 5, 

10, 16.7 n.e. at ≤0.5; 85% at 1; >99% at ≥2 ↓TGP at ≥1; ↓DOM ≥10; ↓ VFA at ≥ 
0.5 5 

0.5, 1, 2, 5, 10 >99% at ≥2 ↓TGP at ≥2; n.e. DOM at ≤5; n.e. 
VFA at ≤2 6 

0.5** 60% ↑FDE; ↓ milk fat yield 7 
2 99% ↓TGP; VFA n.m. 8 
5 95% ↓TGP; n.e. VFA 9 

0.5, 1** 26% at 0.5; 67% at 1 ↑productivity; TGP & VFA n.m. 10 
5 74% n.m. 11 

0.25, 0.5** 69.8% at 0.25; 80% at 0.5 ↑FE; ↓DMI 12 

Bonnemaisonia hamifera 
2, 6, 10 n.e. at 2; >95% at 6 & 10 ↓TGP; ↓VFA at 6 & 10 4 

2.5, 5, 7.5 12.3% ↓TGP; n.e. VFA 13 
Chondrus crispus 0.5 12% n.e. DOM or VFA 12 
Delisia compressa  2, 6, 10 n.e. at 2; 16 – 40% at 6 & 10 ↓TGP; ↓VFA at 6 & 10 4 
Euptilota formisissima 2, 6, 10 n.e. at 2; 40 – 50% at 6 & 10 ↓TGP; ↓VFA at 6 & 10 4 
Furcellaria sp.  0.5 10% n.e. VFA or DOM 14  



13 
 

Gigartina sp. 25 36% ↓TGP; n.e. VFA or FE 15  
Gracilaria sp. 2, 4, 6, 8 49% at 2; n.e. at other doses ↓TGP at 2; ↑DOM at 6 & 8 16  
Gracilaria vermiculophylla 25 39% ↓TGP; n.e. VFA or FE 15  
Hypnea pannosa 16.7 43% ↓TGP & DOM; n.e. VFA 3 
Laurencia filiformis 16.7 40% ↓TGP, DOM, & VFA 3 
Vidalia colensoi 2, 6, 10 n.e. at 2; 13% at 6 & 10 ↓TGP; ↓VFA at 6 & 10 4 
Green seaweed     
Chaetomorpha linum 16.7 40% ↓TGP & DOM; n.e. VFA 3 
Cladophora patentiramea 16.7 66% ↓TGP, DOM, & VFA 3 
Ulva sp. 16.7 50% ↓TGP & DOM; n.e. VFA 3 
Ulva ohnoi 16.7 45% ↓TGP & DOM; n.e. VFA 3 
Ulva sp.  25 26% ↓TGP; n.e. VFA or FE 14  
Brown seaweed     
Ascophyllum nodosum 11.1 15% ↓TGP & VFA 17  
Colpomenia sinuosa 16.7 49% ↓TGP, DOM, & VFA 3 
Cystoseira trinodis 16.7 45% ↓TGP, DOM, & VFA 3 
Dictyota bartayresii 16.7 92% ↓TGP, DOM, & VFA 3 
Ecklonia radiata  2, 6, 10 n.e. at 2, 9 – 21% at 6 & 10 ↓TGP at 6 & 10; ↓VFA at 10 4 
Hormophysa triquetra 16.7 44% n.e. TGP or DOM; ↓VFA 3 
Padina australis 16.7 50% ↓TGP, DOM, & VFA,  3 
Sargassum flavicans 16.7 34% n.e. TGP or VFA; ↓DOM 3 
Zonaria farlowii 5 11% n.m. 11  
Freshwater algae     

Oedogonium sp. 
10, 16.7, 25, 50, 75, 100 20% at 50; 50% at ≥75; 61.1% at 100 ↓TGP, DOM, & VFA at ≥50  5 

16.7 30% ↓TGP; ↑VFA; n.e. DOM 3 
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*Asparagopsis taxiformis and Asparagopsis armata 

Sources: 1Kinley et al. (2020); 2Chagas et al. (2019); 3Machado et al. (2014); 4Mihaila (2020); 5Machado et al. (2016b); 6Kinley et al. (2016); 7Krizsan et al. (2023); 
8Machado et al. (2018); 9Roque et al. (2019a); 10Roque et al. (2019b); 11Brooke et al. (2020); 12Roque et al. (2021) ;13Guinguina et al. (2023); 14Kinley and Fredeen 
(2015); 15Maia et al. (2016); 16Prayitno et al. (2019); 17Wang et al. (2008)
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1.2. Asparagopsis  

The genus Asparagopsis belongs to the red algal family Bonnemaisoniaceae 

(Bonnemaisoniales). Two species from this genus can be found in New Zealand: 

Asparagopsis taxiformis, which occurs in the Kermadec Islands, and Asparagopsis armata, 

which is distributed throughout the rest of New Zealand (Bonin and Hawkes 1987). The life 

cycle of Asparagopsis is heteromorphic, consisting of a haploid, plumose gametophyte, a 

microscopic carposporophyte, and a diploid, filamentous tetrasporophyte (Figure 1.2) 

(Chapter 3/Mihaila et al. (2023a)). Asparagopsis is rich in halogenated compounds, with 

over 100 low molecular weight halomethanes, haloacetones, and haloacetates identified 

within this genus (McConnell and Fenical 1977). The brominated halomethane bromoform 

(CHBr3) is the most abundant of these compounds, ranging from 0.6 to 4.3% of the total 

biomass in Asparagopsis (dry weight (DW)) (Paul et al. 2006, Machado et al. 2016a). Other 

major halogenated compounds in Asparagopsis include dibromochloromethane (CHBr2Cl), 

dibromoacetic acid (C2H2Br2O2), and bromochloroacetic acid (C2H2BrClO2), which are present 

in considerably lower quantities.   
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Barr

 

Figure 1.2 Growth habit of Asparagopsis armata: (A) tetrasporophyte (TS) and gametophyte (GM) in 
its natural habitat, (B) TS in culture, and (C) GM in culture. 

 

The antimethanogenic effect of this species was first demonstrated in an in vitro 

study where Asparagopsis taxiformis reduced the production of enteric methane by 98.9% 

at a dose of 16.7% OM (Machado et al. 2014). Subsequent in vitro and in vivo studies on A. 

taxiformis and A. armata within the last ten years confirmed that similar effects (>90% 

reduction in methane) can be achieved at inclusion rates ranging between 0.2–2% OM 

(Machado et al. 2014, Kinley et al. 2016, Li et al. 2016, Roque et al. 2019a, Roque et al. 

2019b, Kinley et al. 2020, Roque et al. 2021, Krizsan et al. 2023) (Table 1.2), and that this 

dose minimised any adverse effects on fermentation (i.e., the degradability of OM and 
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production of VFAs) that were associated with higher doses of Asparagopsis (Kinley et al. 

2016).  

The effectiveness of Asparagopsis depends on the concentration of its primary 

bioactive compound, bromoform (CHBr3) (Machado et al. 2016a), which varies in 

concentration due to genetic components, in response to environmental conditions (Mata 

et al. 2017), and as a result of post-harvest processing (Vucko et al. 2017, Magnusson et al. 

2020). Bromoform inhibits methanogenesis by inhibiting methyl transfer in methanogenesis 

through competitive binding with coenzyme M methyltransferase (Wood et al. 1968). It also 

blocks the activity of methyl coenzyme M reductase, which catalyses the final and rate 

limiting step of methanogenesis (Krone et al. 1989), summarized in Glasson et al. (2022). 

The antimethanogenic effect of bromoform induces a shift in the rumen microbial 

community composition and reduces the relative abundance of methanogens without 

completely eradicating them (Machado et al. 2018, Roque et al. 2019a). This is important for 

maintaining a balance between methane mitigation and animal health (Glasson et al. 2022).   

 
 

1.2.1. Asparagopsis aquaculture 

Wide-scale adop�on of Asparagopsis as an an�methanogenic feed addi�ve requires 

a reliable supply of large quan��es of biomass (Table 1.3) that can only be supplied through 

aquaculture produc�on. The gametophyte phase of A. armata can be cul�vated in the sea 

through vegeta�ve propaga�on, provided that gametophyte fragments possess barbs and 

frond �ssue to enable atachment to a substratum and regrowth once atached (Wright et 

al. 2022). Farming of A. armata first began in France in the mid 1990’s in collabora�on with 

the cosme�c company Algues et Mer to produce Ysaline 100, a mixture of bioac�ve 
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secondary metabolites used for an�-dandruff, an�-wrinkle, and an�-acne treatments 

(Moigne 1998, Werner et al. 2004). Each year, wild-harvested gametophytes were collected, 

fragmented, and atached to specialised ropes via barbs for ocean outplan�ng. The first 

harvest was carried out approximately two months a�er seeding the culture ropes and was 

followed by a second harvest approximately two months later. The growth cycle occurred 

during the European winter–spring period, as the growth rate of A. armata would decline at 

the start of summer and the bioac�vity of the substances extracted from the seaweed 

would be lost (Werner et al. 2004, Kraan and Barrington 2005). The farm occupied an area 

of 2 ha and produced 8 tons of FW biomass per annum (Kraan and Barrington 2005). 

Cul�va�on trials of A. armata were also carried out in Ireland and took place in a 1 ha farm 

in 1998; however, the amount of biomass harvested was not reported. The cul�va�on 

methods applied in France were modified (par�cularly in regards to the �ming and dura�on 

of the growth period) to suit local Irish condi�ons, although there is no full descrip�on of 

the original cul�va�on methods or how they were modified (Werner et al. 2004). Today, 

these farms are no longer opera�ng. 
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Table 1.3 Estimated quantity of Asparagopsis (DW, whole seaweed, i.e., including ash) required to 
treat 50% of the New Zealand cattle herd. 

1Calculations are based on feed intakes of 16.1 and 9.7 total kg DM eaten per day (kg/DM/day/head) and 
herds of 6.5 and 3.6 million cattle for dairy and beef herds, respectively (dairynz.co.nz; Beef+LambNZ 
(2017); stats.govt.nz (2017 data)) 
 

Alternatively, gametophytes of Asparagopsis can be farmed through closed-life cycle 

production. This method involves artificially inducing the mass production of tetraspores 

(tetrasporogenesis) from tetrasporophyte cultures under hatchery conditions. 

Subsequently, the released tetraspores are seeded onto a substrate, and the germinated 

gametophytes are maintained under nursery conditions until they are ready for ocean 

outplanting. The ability to induce reproduction in tetrasporophytes on demand enables 

year-round production of gametophytes, minimises the dependence on field collections, 

and ensures cultures with little or no contamination. Neither partial (described above) nor 

complete closed-life cycle cultivation – where produced and released tetraspores develop 

into gametophytes, which in turn mature to release carpospores that develop into 

tetrasporophytes – have been established due to difficulties in stimulating life-history 

transitions and maintaining gametophyte survival in culture. Nevertheless, these methods 

are critical for enabling potential strain selection and selective breeding, which necessitate 

the selective crossing of sires and dams.  

Cattle type Seaweed dose (% OM) 

Seaweed biomass (DM) required/day 

Per year/head Per year/50% of 
herd 

Dairy 0.2 2.7 kg 8,677 tonnes 

 1 13.4 kg 43,406 tonnes 

 2 26.8 kg 86,811 tonnes 

Beef 0.2 1.6 kg 2,895 tonnes 

 1 8.1 kg 14,482 tonnes 

 2 16.1 kg 28,965 tonnes 
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The tetrasporophyte stage of Asparagopsis can be cultivated in land-based culture 

systems. This method was successfully established in Portugal to produce biomass for 

supplying potentially interested aquaculture, agriculture, cosmetic, and pharmaceutical 

industries. The cultured biomass was supplied with effluent from a commercial fish farm 

and weekly average biomass yields of 70 and 100 g DW m-2 day-1 were produced at 100 

µmol L-1 h-1 (weekly average total ammonia nitrogen flux) in December (winter) and May 

(spring), respectively (Mata et al. 2006, Schuenhoff et al. 2006, Mata et al. 2010).  

Renewed interest in Asparagopsis aquaculture has emerged with the discovery of 

this species as a highly effective inhibitor of enteric methane production. As a result, several 

start-up companies worldwide have been established to develop commercial farming of 

Asparagopsis. However, methods for cultivating Asparagopsis are nascent, and a lack of 

fundamental knowledge regarding the reproductive biology of this species and cultivation 

requirements for certain life stages has limited several aspects of commercial production. A 

critical first step towards informing the development of cultivation methodologies for A. 

armata is to obtain an understanding of its reproductive phenology (i.e., the seasonal timing 

of a species’ life cycle). This is described in more detail in the following section.   

 

1.2.2. Reproductive phenology 

Seaweeds often have complex biphasic or triphasic reproductive cycles that are 

controlled by a combination of endogenous and environmental factors related to seasonal 

change, such as temperature, light, and photoperiod (Lüning and Dieck 1989, Lüning et al. 

2008, de Bettignies et al. 2018). A review summarising the influence of temperature on the 

reproductive phenology of seaweeds reported that gametogenesis and sporogenesis are 
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mediated by temperature for approximately 70% of assessed temperate seaweed species (n 

= 71) (de Bettignies et al. 2018). In several members of the Antarctic Desmarestiales 

(Phaeophyceae), the development of gametangia, fertilisation, and the early germination of 

sporophytes take place in winter, when irradiance levels are <5 µmol photons m-2 s-1 and the 

temperature is below 5 °C (Wiencke and Clayton 1990, Wiencke et al. 1996), while the 

growth of sporophytes occurs once the photoperiod increases in late winter–spring 

(Wiencke et al. 1991). 

Shifts in reproductive phenology in response to climate change have become an 

increasingly common phenomenon for a range of organisms across different kingdoms over 

the past few decades, particularly due to the advancement in the seasonal timing of spring 

temperatures (Parmesan 2006, Burrows et al. 2011, Poloczanska et al. 2013). Leaf and insect 

emergence, leaf unfolding, flowering, and spawning events are occurring earlier in the year 

than they have over the historical past (Fitter et al. 1995, Menzel and Fabian 1999, Gordo 

and Sanz 2005, Reusch 2014). An analysis of a phenological network data set including 542 

plant species throughout 21 European countries demonstrated that 78% of all leaf 

emergence, flowering, and fruiting records had advanced (30% significantly) over a 29-year 

period (1971–2000) (Menzel et al. 2006). The peak spawning event of the bivalve Macoma 

balthica in the Wadden Sea (northern Europe) occurs eight days earlier in the year than it 

did 28 years ago as a result of a 1 °C rise in temperature (Philippart et al. 2003). Gonad 

development of the limpet Patella depressa in south-west coast of Britain has advanced by 

an average of average of 10.2 days per decade over the last 80 years (Moore et al. 2011).   

Unlike land plants and aquatic organisms, shifts in the reproductive timing of marine 

seaweeds are not well-documented in the literature (Richardson and Poloczanska 2008, 

Wernberg et al. 2012). Instead, the majority of climate change-related seaweed studies and 
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long-term data series describe shifts in the distribution and abundance of seaweed 

populations (Lima et al. 2007, Reusch 2014, Martins et al. 2019), particularly with regards to 

the tropicalisation of temperate marine species (Vergés et al. 2014, Vergés et al. 2016, 

Vergés et al. 2019). The reproductive phenology of seaweeds is often finely tuned to 

changes in their environment (Brawley and Johnson 1992, Molenaar et al. 1996, Mohring et 

al. 2013); therefore, it can be expected that increases in temperature due to climate change 

have caused shifts in the onset of reproductive events in seaweeds. 

Knowledge regarding the reproductive phenology of seaweeds is critical for 

developing large-scale seaweed cultivation. The timing of reproductive events combined 

with their associated environmental conditions form a baseline for multiple components of 

seaweed aquaculture, such as knowing when to carry out wild collections (both for research 

and farming purposes), outplanting, and harvesting. It also helps determine which 

conditions are optimal for maximising production or inducing/preventing the occurrence of 

reproductive events, which will be critical for hatchery and nursery development.  

 

1.2.3. Hatchery and nursery cultivation 

Hatchery and nursery systems are integral components in the cultivation of 

seaweeds propagated through spore production. Their effective development and 

refinement rely upon thorough comprehension of environmental influences on fundamental 

biological processes, such as reproduction, development, and growth (Charrier et al. 2017, 

Kim et al. 2017). Moreover, understanding the biochemical and genetic factors governing 

important aquaculture traits, such as growth rates, reproductive success, or the production 

of target bioactive compounds, is important for enhancing these systems and driving 
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technological advancement (Robinson et al. 2013, Charrier et al. 2017, Liu et al. 2022). 

Physiological studies have been instrumental in establishing hatchery and nursery protocols 

to tightly control seaweed life cycles (Pang and Lüning 2006, Zhou et al. 2013, Vesty et al. 

2015, Peteiro et al. 2019, Boderskov et al. 2021b). However, there remains a lack of 

understanding regarding both the external environmental factors and internal regulatory 

mechanisms that affect developmental biology in Asparagopsis from a production 

standpoint. This lack of knowledge impedes the implementation of hatchery and nursery 

systems for this species, as well as improvements in aquaculture practices.  

 

1.3. Significance of topic and thesis aims 

The objective of this thesis was to provide a foundation for implementing the closed-

life cycle aquaculture of A. armata. This involved addressing several fundamental 

knowledge gaps associated with reproductive phenology, the cultivation requirements for 

optimal hatchery and nursery production, and the molecular and biochemical mechanisms 

involved in reproduction. 

 

Chapter 2: Detailed knowledge of the reproductive phenology of seaweeds  

is an integral part of aquaculture development and is critical for understanding how climate 

change will impact these organisms. Understanding the current life history events of A. 

armata in New Zealand and correlating these events with environmental parameters is 

necessary for determining when biomass samples will need to be collected for carrying out 

reproductive culture experiments, for developing the cultivation methodologies for nursery 

production, the timing of outplanting, harvesting, and broodstock collection, and for 

triggering or avoiding reproductive events in land-based cultivation. The average sea surface 
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temperature along the northeast coast of the North Island, New Zealand (Leigh Marine 

Reserve) was 1–2 °C higher from 2020 onwards compared to the early 1980’s, when the 

reproductive phenology of A. armata was previously assessed at this location (Bonin and 

Hawkes 1987). This change in temperature may have caused a shift in the reproductive 

phenology of A. armata over this period. The aim of chapter 2 was therefore to provide an 

up-to-date assessment of the phenology of A. armata in New Zealand to help in detecting 

shifts in reproductive phenology and facilitate the development of A. armata aquaculture in 

New Zealand.  

Chapter 3: Seaweed aquaculture requires a high degree of control over the 

environmental factors regulating reproductive processes. However, knowledge of the 

external factors controlling reproduction in tetrasporophytes of A. armata is limited and no 

method containing sufficient detail to enable hatchery development has been published. 

The aim of chapter 3 was therefore to investigate the effect of fundamental environmental 

factors on tetrasporogenesis in A. armata and provide a detailed method for obtaining a 

high and reliable supply of tetraspores to facilitate hatchery development.  

Chapter 4: Maximising the development and growth of the early life stages of 

seaweeds is essential for successful nursery production. This can be achieved through the 

manipulation of environmental factors and the optimal nursery conditions must be 

established on a species-specific basis. To date, the optimal conditions for cultivating the 

early life stages of A. armata have not been investigated. The aim of chapter 4 was 

therefore to determine the effect of environmental factors on the development and growth 

of juvenile gametophytes of A. armata to identify critical parameters for maximising 

production during the nursery phase.    



25 
 

Chapter 5: Our understanding of the biochemical and molecular regulators of 

reproduction in A. armata is still in its infancy, exacerbated by the overall scarcity of 

knowledge surrounding internal reproductive regulation in seaweeds. Enhancing our 

comprehension of the metabolomic and genomic aspects of fundamental reproduction 

processes is crucial for bridging this gap in knowledge. This is especially true for A. armata, 

as this information will be instrumental in refining aquaculture practices in the future. The 

aim of chapter 5 was therefore to examine metabolomic and transcriptomic dynamics of A. 

armata during tetrasporogenesis, serving as a first step towards understanding the intricate 

biochemical pathways and genetic mechanisms underpinning this process.  
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Chapter 2 

The reproductive phenology of Asparagopsis armata in New Zealand 

– potential shifts 40 years later 

This chapter has been published in Algal Research as:  

Mihaila, A. A., M. Magnusson, C. R. K. Glasson, and R. J. Lawton. 2023b. The reproductive 

phenology of Asparagopsis armata in New Zealand – potential shifts 35 years later. Algal 

Research 76:103318 (Appendix 12).  

 

2.1. Abstract 

The reproductive phenology (the timing of key reproductive events) of seaweeds is 

largely controlled by environmental factors related to seasonal change, particularly 

temperature. Therefore, it can be expected that climate change-induced increases in sea 

temperature can cause shifts in the reproductive phenology of seaweeds, although this has 

been difficult to detect due to the lack of baseline data for reproduction. We investigated 

the seasonal occurrence and reproductive phenology of the emerging aquaculture-target 

species Asparagopsis armata on the North Island of New Zealand from 2021–2022, which 

was previously assessed 40 years ago (1978–1981) when temperatures were on average 1.5 

°C cooler. Seasonality in reproduction was assessed via the presence of tetrasporangia, 

tetraspore release and germination rate, presence of cystocarps, cystocarp density and 

cystocarp opening. Tetrasporophytes occurred year-round with tetrasporangia present from 

March–September (austral autumn–spring), with populations most fertile from May–July 

(austral autumn–winter). Tetraspore release peaked in June 2021 and September 2022, but 
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was otherwise low during our sampling. Gametophytes were present from August–

November (austral winter–spring) with cystocarps present from September (austral spring), 

which was delayed in comparison to the 1978–1981 assessment. Viable carpospores were 

also only released under controlled conditions during September, as opposed to during all 

reproductive months in the 1978–1981assessment. Discolouration was a common 

occurrence in natural populations during 2022 that translated into poor reproductive output 

and high mortality under controlled conditions, which could be explained by prolonged heat 

stress throughout 2022. This study presents the first temporally longitudinal analysis of 

potential climate driven shifts in reproductive phenology of a seaweed and provides a 

quantitative baseline for detecting changes in reproductive phenology in the future. 
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2.2. Introduction 

Shifts in reproductive phenology (the seasonal timing of key reproductive events) 

have become one of the most prevalent biological responses to climate change in many 

taxonomically diverse organisms over recent decades (Menzel et al. 2006, Parmesan 2006, 

Cleland et al. 2007, Vitasse et al. 2022), including woody plants (Menzel and Dose 2005, 

Aono and Kazui 2008, Ge et al. 2015), frogs (Gibbs and Breisch 2001), birds (Gordo et al. 

2005), phytoplankton (Parmesan 2007, Beaugrand 2009), and bony fish (Poloczanska et al. 

2013, Rogers and Dougherty 2019). Despite faster warming on land, shifts in the onset of 

seasonal transitions are generally greater in the ocean, especially with regard to the 

advancement of spring temperatures (Burrows et al. 2011). Nevertheless, studies assessing 

climate-induced shifts in the reproductive phenology of marine species are lacking 

compared to terrestrial species (Richardson and Poloczanska 2008, Wernberg et al. 2012), 

and most phenological shifts in marine ecosystems have been reported for fish (Asch 2015, 

Rogers and Dougherty 2019) or invertebrates (Moore et al. 2011, Richards 2012, Philippart 

et al. 2014, Slesinger et al. 2021). To date, no studies have investigated the effects of 

climate change on the reproductive phenology of seaweeds, and this is largely due to a lack 

of suitable baselines and time series against which change can be detected (Wernberg et al. 

2012, Poloczanska et al. 2013, de Bettignies et al. 2018). Instead, the majority of climate 

change-related seaweed studies and long-term data series describe shifts in the distribution 

and abundance of seaweed populations (Lima et al. 2007, Reusch 2014, Martins et al. 2019). 

Improving our knowledge of the reproductive phenology of seaweeds is crucial for 

understanding how climate change will affect this important group of organisms.  
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Understanding the reproductive phenology of seaweeds is also fundamental for the 

development of sustainable seaweed aquaculture (Searles 1980, Charrier et al. 2017, de 

Bettignies et al. 2018). Such knowledge can form the basis for developing multiple 

components of seaweed aquaculture, such as knowing when to conduct outplanting and 

harvesting, identifying peaks and patterns in reproduction to enable targeted wild-

collections of broodstock, and determining the optimal culture conditions for seaweed 

maturation and reproduction to develop hatchery and nursery cultivation technologies 

(Charrier et al. 2017, Fernand et al. 2017, Liu et al. 2017, Kim et al. 2019, Leal et al. 2021). 

Identifying how the seasonal timing of reproductive events varies with prevailing 

environmental conditions also enables the design of management strategies for climate 

resilient aquaculture (Charrier et al. 2017).  

Red seaweeds of the genus Asparagopsis are of emerging commercial importance 

due the discovery of their bioactive compounds, notably bromoform, as highly effective 

mitigators of enteric methane production in ruminants (Machado et al. 2016a, Kinley et al. 

2020, Kinley et al. 2021, Roque et al. 2021, Glasson et al. 2022, Ridoutt et al. 2022). While 

advancements have been made in  techniques for cultivating these species (Mata et al. 

2006, Mata et al. 2012, Torres et al. 2021, Wright et al. 2022, Mihaila et al. 2023a), critical 

knowledge gaps remain around their reproductive ecology (Zhu et al. 2021, Zanolla et al. 

2022). The life cycle of Asparagopsis is heteromorphic and triphasic, alternating between a 

filamentous tetrasporophyte, a plumose gametophyte, and a microscopic carposporophyte 

(Bonin and Hawkes 1987). Reproductive culture studies for Asparagopsis have primarily 

focused on the tetrasporophyte stage, with temperature and photoperiod identified as 

critical factors for controlling tetrasporogenesis and the subsequent release of tetraspores 

(Oza 1977, Bonin and Hawkes 1987, Guiry and Dawes 1992, Mihaila et al. 2023a). Culture 
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studies of other life stages of A. armata have received considerably less attention and are 

therefore not as well understood.  

The reproductive phenology of A. armata in New Zealand has only been assessed in 

a single study conducted from 1978 to 1981 (Bonin and Hawkes 1987) at Leigh Marine 

Reserve along the northeast coast of the North Island. During this time, it was reported that 

immature gametophytes were present in early August (austral winter), and that 

spermatangia bearing male gametophytes and cystocarp bearing female gametophytes 

were present from the end of August until mid-December (austral winter to early summer) 

(Bonin and Hawkes 1987). Tetrasporophytes were reported as abundant year-round, with 

peak abundance occurring during winter, and tetrasporangia present from March until 

September (austral autumn to spring). Reproductive outputs, however, were not quantified. 

While average sea surface temperatures (SSTs) along the northeast coast of the North Island 

have not increased over the last 50 years (Shears and Bowen 2017), long-term records 

suggest shifts in seasonality and interannual variability, particularly influenced by marine 

heat waves (Cook et al. 2022). Data from 2020 onwards also shows that SSTs were 1–2 °C 

higher than in the early 1980s (Sea Temperature Info 2022, National Institute of of Water 

and Atmospheric Research [NIWA] 2022a). Given the strong relationship between 

temperature and reproduction in A. armata (Oza 1977, Bonin and Hawkes 1987, Guiry and 

Dawes 1992, Mihaila et al. 2023a), it is likely that the reproductive phenology of A. armata 

has shifted over the last 40 years. This notion is supported by personal observations in the 

field, such as the presence of cystocarpic females in early august approximately three weeks 

earlier than described in Bonin and Hawkes (1987) (A. Mihaila, Unpublished results, 2020).  

The present study was therefore conducted to provide an up-to-date assessment of 

the reproductive phenology of A. armata with the aims of (1) detecting potential shifts in 
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seaweed phenology, (2) serving as a baseline for detecting future shifts in seaweed 

phenology, and (3) facilitating the development of A. armata aquaculture in New Zealand. 

We quantified fecundity and reproductive viability of A. armata gametophytes and 

tetrasporophytes within the North Island of New Zealand over a 16-month period. To our 

knowledge, this is the first repeated assessment of the reproductive phenology of a 

seaweed, providing the first longitudinal analysis of potential climate driven shifts in the 

timing of reproductive events for seaweed.    
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2.3. Materials and methods 

2.3.1. Sample collection 

Wild A. armata was sampled from rocky reefs (2–5 m depth) at Mathesons Bay, 

Leigh (36.31°S, 174.80°E) located on the North Island of New Zealand. Mathesons Bay is a 

small beach located within the Auckland region of New Zealand and is relatively sheltered 

by a natural rock wall and a small islet (Mathesons Bay Island). Samples were collected 

approximately 200 m from the shoreline within 10 m of the islet. This site was selected 

because it was previously assessed by Bonin and Hawkes (1987), and it is easily accessible 

with A. armata reportedly present year-round. Geographical features were used to establish 

a permanent sampling area at the site (approximately 100 m2). Sampling was initially set to 

be carried out approximately monthly from March 2021–March 2022, with collections 

spaced at least three weeks apart, taking into account tides, weather, and logistical 

constraints. However, due to COVID-19 restrictions during August 2021–December 2021, 

sampling was only able to be carried out from March 2021–July 2021. Approximately 

monthly sampling was therefore repeated the following year from January 2022–December 

2022 to enable sampling across a full calendar year and to assess for between-year variation 

in reproductive seasonality. In 2021, samples were collected on March 19th, April 9th, May 

14th, June 18th, and July 21st. In 2022, samples were collected on Jan 21st, April 3rd, May 13th, 

June 28th, August 24th, Sept 28th, October 27th, November 22nd, and December 22nd. 

When tetrasporophytes (Figure 2.1A) were present within the sampling area, 20 

individuals (whole pom poms) were haphazardly collected using tweezers and transported 

in a single 2 L bucket filled with seawater collected at the site to the laboratory. When 

cystocarpic gametophytes (Figure 2.1B) were present within the sampling area, 10 
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cystocarpic individuals (whole individual with a single holdfast and not connected to another 

individual) were haphazardly collected by hand and transported in separate 2 L buckets 

filled with seawater collected at the site to the laboratory. If present, five non-cystocarpic 

individuals were also sampled and brought back to the laboratory to determine whether 

spermatangia were present, as these are only visible by microscopy. Both gametophytes and 

tetrasporophytes were sampled at least 1 m apart. All buckets containing the samples were 

transported in an electric cooler maintained at the ambient water temperature of the site 

until processing. All samples were processed within 24 h of collection. 

 

Figure 2.1 Asparagopsis armata at 
Mathesons Bay; (A) tetrasporophyte ‘pom 
poms’ growing epiphytically on 
Carpophyllum plumosum, (B) cystocarpic 
female gametophyte. Scale bars = 5 cm (A) 
and 10 cm (B). 
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2.3.2. Tetrasporophyte processing 

The collected tetrasporophytes were rinsed in autoclaved filtered seawater (AFSW) 

and epiphytes were removed using tweezers. Tetrasporophytes were transferred into 

individual Petri dishes (90 x 20 mm, LabServ, LBS60016) filled with 50 mL AFSW with 

nutrients added at a concentration of F/8 (3.5 mg N L-1 and 0.3 mg P L-1, Varicon Aqua, Cell-

Hi F2P). To quantify the proportion of reproductive individuals, tetrasporophytes were cut 

into 5–6 mm length filaments using dissecting scissors and visually inspected using a 

stereomicroscope (Olympus SZX2-ILLTQ) to determine the presence/absence of mature (i.e., 

all four spores formed) and/or immature (i.e., only one or two spores formed) 

tetrasporangia in each tetrasporophyte (n = 20) (Figures 2.2A and 2.2B). The visual condition 

of each individual (e.g., whether thallus was discoloured) was also recorded. If 

tetrasporangia were present, subsamples of 5–12 filaments each containing 1–3 

tetrasporangia from half (n = 10) of the dishes were randomly selected under the 

stereomicroscope by stirring the filaments inside the dish and selecting the first filaments 

with visible tetrasporangia. These were then transferred via pipette into new Petri dishes 

(60 x 14 mm, LabServ, LBS60060) filled with 15 mL AFSW, keeping filaments from each 

replicate tetrasporophyte in a separate dish. This resulted in 10 dishes each containing 5–12 

filaments and within them a total of 8–12 tetrasporangia from each tetrasporophyte. The 

total number of tetraspores present inside the filaments for each dish was recorded, and 

both immature and mature tetrasporangia were included as immature tetrasporangia can 

mature and release within 48 h of exposure to these conditions (Chapter 3/Mihaila et al. 

(2023a)). If less than 10 out of the 20 tetrasporophytes contained tetrasporangia then the 

sample size was reduced accordingly. Dishes containing the filaments with tetrasporangia 

were then transferred to an environmental control cabinet (Panasonic, MLR-352) set at 15 
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°C and 10–15 µmol photons m-2 s-1 with a photoperiod of 8 h L:16 h D. These conditions 

have previously been shown to induce tetraspore release (Chapter 3/Mihaila et al. (2023a)). 

After 48 h, tetraspore release was quantified by removing the filaments from the dishes and 

counting the total number of tetraspores at the bottom of each dish using a 

stereomicroscope, as mature tetraspores are released within 48 h of exposure to the 

conditions described above (Chapter 3/Mihaila et al. (2023a)) (Figure 2.2C). The percentage 

of tetraspores released was then calculated by dividing the total number of tetraspores 

released by the total number of tetraspores initially present inside the filaments for each 

dish (as described previously). The water in the dishes was then replaced with fresh nutrient 

enriched AFSW (F/8), and these were then returned to the cabinet and maintained under 

the same conditions described above. After 24 h, germination was quantified by counting 

the total number of germinated tetraspores at the bottom of each dish using a 

stereomicroscope, as the first division of the germinating tetraspore is evident within 24 h 

of release (Chapter 3/Mihaila et al. (2023a)) (Figure 2.2D). The germination rate (%) was 

then calculated by dividing the total number of germinated tetraspores by the total number 

of tetraspores released for each dish (as described previously).  
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Figure 2.2 Reproductive structures of tetrasporophytes of A. armata; (A) immature tetrasporangia 
(i.e., with two spores formed (arrowhead)), (B) mature tetrasporangia (i.e., with four spores formed 
(arrowhead)), (C) newly released tetraspore (zero days old), (D) first division of a germinating 
tetraspore (arrowhead, one day old). Scalebar = 25 μm. 

 

2.3.3. Gametophyte processing 

The collected gametophytes were rinsed in AFSW to remove any small animals, 

epiphytes were removed using tweezers, and the visual condition of each individual (e.g., 

whether thallus was discoloured) was recorded. One whole branch containing cystocarps 

(Figure 2.3A) was sampled from each cystocarpic gametophyte and these were transferred 
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into individual crystallisation dishes (90 x 50 mm, Pyrex, 3140-90) filled with 150 mL AFSW 

with nutrients added at F/8. Only branches originating from the base of each gametophyte 

were sampled to ensure that the location of the branch within the plant did not affect 

results. Non-cystocarpic gametophytes were inspected for the presence of spermatangia 

(Figure 2.3B) by examining three branches selected from the lower, middle, and upper 

region of each individual under a stereomicroscope. No further processing/analysis was 

undertaken for these samples. To quantify cystocarp density, the total number of cystocarps 

on each cystocarpic branch was counted using a stereomicroscope and the total length of 

the branch was measured (n = 10). The number of cystocarps per linear cm was then 

calculated using this data. Some cystocarps had evidence of prior release of carpospores in 

the wild (indicated by the opening of the cystocarp (formation of ostiole)). Therefore, the 

number of unopened and opened cystocarps was also recorded for each branch (Figures 

2.3A and 2.3C). Dishes containing the branches were then placed in an environmental 

control cabinet (Panasonic, MLR-352) set at 18 °C and 20–25 µmol photons m-2 s-1 with a 

photoperiod of 12 h L:12 h D. These conditions have previously resulted in carpospore 

release (A. Mihaila, Unpublished results, 2020) and are similar to the spring conditions at 

the collection site when carpospores have previously been reported to release (Bonin and 

Hawkes 1987). After 48 h, cystocarp opening was quantified by counting the total number of 

newly opened cystocarps per branch, as mature carpospores are released through the 

ostiole within 48 h of exposure to the conditions described above (Figure 2.3D). Branches 

were removed from the dishes and the presence/absence of released carpospores at the 

bottom of each dish was also recorded. The water in the dishes was then replaced with 

fresh nutrient enriched AFSW (F/8) and dishes containing the carpospores were then 

returned to the cabinet and maintained under the same conditions described above. After a 
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further 48 h, the presence/absence of germinated carpospores at the bottom of each dish 

was recorded as a measure of viability using an inverted microscope (Olympus CKX53), as 

the first division of the germinating carpospore is evident within 48 h of release (Figure 

2.3E).  

 
 

 

Figure 2.3 Reproductive structures of gametophytes of A. armata; (A) cystocarps (arrowhead) on 
female gametophytes, (B) spermatangia (arrowhead) on male gametophytes, (C) carposporophytes 
releasing carpospores (arrowhead) through the ostiole, (D) released carpospore (zero days old), (E) 
germinated carpospore (three days old). Scale bars = 1mm (A)–(C) and 50 µm (D)–(E). 
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2.3.4. Environmental data 

The following variables were selected to analyse for relationships between 

reproductive measures of A. armata and environmental factors: (a) sea surface temperature 

(SST), (b) photoperiod (light: dark hours), (c) total bright sunshine hours (BSH), (d) salinity 

(ppt), and (e) nutrient concentration (total nitrogen (TN) and total phosphorus (TP), mg L-1). 

Monthly averages of sea surface temperature, photoperiod and total values for BSH were 

obtained from long-term data records at nearby Goat Island (SST and photoperiod) (Sunrise 

and sunset 2020, Sea Temperature Info 2022) and North Shore, Auckland (BSH) (NIWA, 

2022a, 2022b). Monthly averages of salinity and monthly spot measurements of TN and TP 

were sourced from long-term environmental monitoring datasets at Goat Island (Auckland 

Council 2023). All data were obtained from sources as a single value for each month and so 

are reported in this format without any error estimates.  

 

2.3.5. Statistical analyses 

Statistical analyses were carried out in PRIMER ver.7 (Primer-E., UK) and R-Studio 

ver. 4.3.0 and legibility of figures was improved in Adobe Illustrator. A two-factor 

permutational analysis of variance (PERMANOVA) was used to determine the effect of 

“Year” and “Month” on tetraspore release (% of tetraspores released per dish) and 

germination rate (% of released tetraspores that had germinated per dish). A one-factor 

PERMANOVA was used to determine the effect of “Month” on cystocarp density (cm-1) and 

cystocarp opening. Data analysed for cystocarp opening included the combined total of 

cystocarps that had opened before and after exposure to controlled conditions to compare 

the total number of opened cystocarps during each month. PERMANOVAs were run using 
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Euclidean distance resemblance matrices, 9,999 unrestricted permutations of raw data, and 

Type III sum of squares (Anderson et al. 2008). Pair-wise a posteriori comparisons were 

carried out in PRIMER using PERMANVOA if a significant difference (P ≤0.05) was detected. 

Relationships between reproductive measures (% reproductive tetrasporophytes, tetraspore 

release, cystocarp density and cystocarp opening) and environmental factors (temperature, 

photoperiod, total BSH, salinity, TN and TP) were analysed using Pearson correlation 

coefficients and linear regression models in R-studio, and correlations were visualised using 

the ggcorrplot package. All data is reported as mean ± standard error (SE); n = 10 to 20.   

 

2.4. Results 

2.4.1 Tetrasporophytes 

Tetrasporophytes of A. armata were present year-round at Mathesons Bay and 

tetrasporangia were present from March–September (Figure 2.4A). The proportion of 

reproductive individuals (i.e., containing immature or mature tetrasporangia) ranged from 

35–55% during March–April across 2021 and 2022 and peaked from May–July with 

tetrasporangia present in almost 100% of individuals during these months in both years 

(Figure 4A). During 2022, the proportion of reproductive individuals decreased from 70% in 

August to 40% in September (Figure 4A).  

There was a significant interactive effect of month and year on tetraspore release 

(Table 2.1). During 2021, tetraspore release significantly increased from 20 ± 9% in May to a 

peak of 75 ± 21% in June (P = 0.017) and all released tetraspores successfully germinated 

(Figures 2.4B and 2.4C). In contrast, there was no significant change in tetraspore release 

from May to June during 2022 and both tetraspore release and germination rate were 
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significantly lower in June 2022 compared to June 2021 by approximately 50 and 20%, 

respectively (P <0.001) (Figures 2.4B and 2.4C). No tetraspores were released in July 2021, 

despite 100% of individuals bearing tetrasporangia upon collection (Figures 2.4A and 2.4B). 

During 2022, tetraspore release was highest in September with 65 ± 16% of tetraspores 

released and 73 ± 14% of these germinated (Figures 2.4B and 4C).  

Most individuals (80–100%) collected during March and April in both years were 

poorly pigmented upon collection and only contained immature tetrasporangia (Appendix 1) 

that did not release tetraspores and became completely discoloured and died within 24 h. 

All individuals collected during May and June in 2021 were well-pigmented and appeared 

healthy, whereas 30–50% of individuals collected during these months in 2022 were poorly 

pigmented and died within 24 h of collection. This also occurred in over half of the 

individuals collected during August and September in 2022. 

 
Table 2.1 Results of Permutational Analysis of Variance (PERMANOVA) determining the effect of 
“Year” and “Month” on tetraspore release and germination rate (%). F-statistics (F) and the 
significance level (P) with significant effects in bold are reported. 

 
 
 
 

 

  Tetraspore 
release 

Germination 
rate  

Source df F P F P 
Year 1 4.40 0.041 3.20 0.0843 
Month 3 3.91 0.015 1.63 0.1869 
Year x Month 1 9.92 0.003 3.27 0.077 
Residuals 54     
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Figure 2.4 Reproductive phenology of 
tetrasporophytes of A. armata in natural 
populations at Mathesons Bay in 2021 and 
2022; (A) Proportion of reproductive 
individuals (n = 20), (B) Mean (± SE) tetraspore 
release (%) from reproductive individuals (n = 
10), (C) Mean (± SE) germination rate (%) of 
released tetraspores (n = 10). x indicates 
months when sampling was unable to be 
conducted, np indicates months when 
individuals were not reproductive, and nr 
indicates months when tetraspores were not 
released from reproductive individuals. 
 
 

 

 

 

 

 

 

 

 

 

2.4.2 Gametophytes 

Gametophytes of A. armata were present from August–November in 2022 at 

Mathesons Bay and cystocarps were present from September–November (Figure 2.5, Table 

2.2). There was little to no evidence of prior release of carpospores from cystocarps in 

September, however, most individuals (70–80%) had a low number of cystocarps with 

evidence of prior release of carpospores in October and November (Figure 2.6). Cystocarp 
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density significantly increased from approximately five cystocarps cm-1 in September to 

approximately seven cystocarps cm-1 in October (P = 0.043, Figure 2.5). In contrast, 

cystocarp density significantly decreased from October to November by approximately 50% 

(P <0.001).  

 Cystocarp opening was low in September and October with fewer than five newly 

opened cystocarps out of a total of 43, and 67 unopened cystocarps per branch during 

September and October respectively (Figure 2.6). There were no newly opened cystocarps 

in November (Figure 2.6). All individuals with newly opened cystocarps in September 

released viable carpospores that germinated into tetrasporophytes. Although the number of 

carpospores released per cystocarp and their germination rate were not explicitly 

quantified, it was clear that each opened cystocarp released hundreds of carpospores that 

had settled and germinated directly underneath each opened cystocarp. In contrast, 

individuals with newly opened cystocarps in October did not release viable carpospores; 

rather, the entire contents of each dish (thallus, cystocarps, and carpospores) became 

completely discoloured and died within 24 h (Appendix 2). This also occurred in all 

individuals collected during November. Individuals collected during October and November 

were also poorly pigmented upon collection. Spermatangia were present in 60% and 40% of 

the extra individuals brought back to the laboratory at the end of August and September, 

respectively (Figure 2.5). No spermatangia were present in the remaining months.  
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Table 2.2 Results of Permutational Analysis of Variance (PERMANOVA) determining the effect of 
“Month” on cystocarp density (cm-1) and cystocarp opening. F-statistics (F) and the significance level 
(P) with significant effects in bold are reported. 

 

 

 

 

 

Figure 2.5 Mean (± SE) cystocarp density 
(cm-1) in A. armata gametophytes in 
natural populations at Mathesons Bay 
during 2022 (n = 10); sp indicates months 
where spermatangia were present. Only 
months when gametophytes were 
present are shown in the graph. 
 

 

 

 

Figure 2.6 Mean (± SE) number of 
unopened cystocarps (prior to exposure 
to controlled conditions), newly opened 
cystocarps (i.e., opened 48 h after 
exposure), and prior opened cystocarps 
(i.e., opened upon collection) per 
branch in A. armata gametophytes in 
natural populations at Mathesons Bay 
during 2022 (n = 10). Only months when 
gametophytes were present are shown. 
 

 

 

2.4.3. Environmental data and correlations with reproductive measures 

The mean SST across all months was relatively similar during 2020 and 2021, 

however, the mean SST was consistently higher during January–May 2022 than during 

  Cystocarp density Cystocarp 
opening 

Source df F P F P 
Month 
Residuals 

2 12.26 <0.001 3.42 0.028 
27 
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January–May 2021 by approximately 1.0 °C and was on average 0.6 °C higher in 2022 

compared to 2021 across all months (Figure 2.7A). The longest photoperiods occurred 

during summer with a maximum of 14 h L:10 h D in December while the shortest 

photoperiods occurred in winter with a minimum of 9 h L:15 h D in June (Figure 2.7A). Total 

BSH were highest in summer and lowest during winter across both years, however, there 

were notable differences between years (Figure 2.7B). Monthly BSH were higher in 2022 

than 2021 during January, March, and September, whereas monthly BSH were lower in 

2022 than 2021 during February, July, and December (Figure 2.7B). There were minor 

differences in salinity across all months between 2021 and 2022 (Figure 2.7C), with the 

exception of a consistently lower period of salinity from August–October 2022 averaging at 

33.8 ppt compared to 34.7 ppt across all remaining months (Figure 2.7C).  

Concentrations of TN and TP were relatively stable throughout 2021 and from April–

September 2022, averaging 0.1 mg N L-1 and 0.01 mg P L-1 (Figure 2.8A). In contrast, 

concentrations of TN and TP were over three times greater during October 2022 reaching 

0.25 mg N L-1 and 0.04 mg P L-1 (Figures 2.8A and 2.8B), and concentrations of TN were over 

two times greater during February–March 2022 reaching an average of 0.2 mg N L-1. No data 

is available for salinity and nutrient concentration from September–October and December 

during 2021 due to COVID-19 restrictions. 
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Figure 2.7 (A) Mean monthly sea surface 
temperature (SST, °C) and daylight hours 
(photoperiod) at Goat Island, Leigh, (B) Total 
monthly bright sunshine hours (BSH) at 
North Shore, Auckland (73 km from Goat 
Island) and (C) Mean monthly salinity (ppt) at 
Goat Island, Leigh, New Zealand. Light grey 
line indicates data from 2021 and black line 
indicates data from 2022 in (B) and (C).  
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Figure 2.8 Monthly spot measurements of 
(A) total nitrogen (TN) and (B) total 
phosphorous (TP) at Goat Island, Leigh, New 
Zealand. 
 

 

 

 

 

 

 

 

 

 

Figure 2.9 Correlation matrix between 
reproductive measures of A. armata (n = 
10–20) and environmental factors at the 
collection site calculated by Pearson 
correlation coefficient (r). TS = 
tetrasporophyte, TN = total nitrogen, TP 
= total phosphorous. Red/orange boxes 
indicate a negative correlation and blue 
boxes indicate a positive correlation. X 
marks non-significant based on linear 
regression models (P ≤0.05). 

 

 

The proportion of reproductive tetrasporophytes was significantly negatively 

correlated with photoperiod (linear regression: F(1,13) = 131.87, P = <0.001, R2 = 0.92, n = 

20) and total BSH (linear regression: F(1, 13) = 13.27, P = 0.003, R2 = 0.53, n = 20) (Figure 

2.9). Tetraspore release was also significantly negatively correlated with photoperiod, 
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although the correlation was weak (linear regression: F(1,13) = 4.83, P = 0.048, R2 = 0.29, n = 

10). In contrast, cystocarp density was significantly positively correlated with TP (linear 

regression: F(1,8) = 8.27, P = 0.024, R2 = 0.54) and cystocarp opening was significantly 

positively correlated with TN and TP (highest correlation: TP, linear regression: F(1,8) = 

23.39, P = 0.002, R2 = 0.77).  

  

 

2.5. Discussion 

This study presents the first temporally longitudinal analysis of potential climate 

driven shifts in the reproductive phenology of a seaweed, and our findings provide a 

detailed baseline for detecting changes in reproductive phenology in the future. While the 

timing of when tetraspores were present in natural populations of A. armata did not appear 

to have shifted since 1978–1981 (Bonin and Hawkes 1987), there was a clear difference in 

the release of tetraspores between June 2021 and June 2022 (austral winter) (Figure 2.10). 

Notably, the period of when cystocarps were present was reduced in this study compared to 

40 years ago (Bonin and Hawkes 1987), and viable carpospores were only released under 

controlled laboratory conditions during September (Figure 2.10). 
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Figure 2.10 Reproductive phenology of Asparagopsis armata at Mathesons Bay in the current study 
(2021–2022) compared to Bonin and Hawkes (1987). Gradients represent the average sea surface 
temperature throughout 2021–2022 and 1978–1981; red colours represent high temperatures (20–
22 °C), orange – yellow colours represent moderate temperatures (18–19 °C), and blue colours 
represent low temperatures (14–17 °C). 
 

2.5.1. Tetrasporophytes 

Our findings demonstrate that the formation and release of tetraspores is a 

continuous process in wild populations in northern New Zealand initiated under long 

photoperiods (12 h L:12 h D) and warm temperatures (21 °C) prevalent at the study site in 

March (austral autumn). However, in contrast to these findings, tetrasporogenesis was only 

induced in controlled laboratory studies using samples isolated both from wild populations 

and released carpospores under short photoperiods (8 h L:16 h D–10 h L:14 h D) (Oza 1977, 

Guiry and Dawes 1992, Mihaila et al. 2023a). This divergence in results could be due to the 

time of year when samples in laboratory studies were collected from wild populations as 
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this occurred outside of when tetrasporogenesis was naturally occurring. The induction of 

tetrasporogenesis in samples under controlled conditions may have also been influenced by 

their previous environmental history. Tetraspores present during March–April in the field in 

this study were mostly immature and not released when individuals were brought back to 

the laboratory during either 2021 or 2022, indicating that tetraspores produced during 

these months either require more time and/or different conditions to mature and release, 

or that they do not reach this stage altogether. Tetrasporophytes were most fertile from 

May–July when temperatures were moderate–cold (15–19 °C), photoperiods were short (9 

h L: 15 h D–10 h L:14 h D), and total BSH were low (150–120 h). Moreover, the proportion of 

reproductive individuals and tetraspore release were mostly strongly correlated with 

photoperiod, reinforcing that this, rather than temperature, is the predominant factor 

controlling tetrasporogenesis in A. armata (Oza 1977, Guiry and Dawes 1992, Mihaila et al. 

2023a). 

Tetraspore release under controlled conditions was generally low at the times of our 

sampling except for two separate peaks occurring at the start of winter in 2021 and the start 

of spring in 2022. Unfortunately, we were unable to determine whether a second peak in 

tetraspore release in 2021 occurred in spring due to COVID-19 travel restrictions. 

Regardless, our results demonstrate that wild collection is not likely to be a reliable source 

of tetraspores for aquaculture purposes within this region of New Zealand. Instead, we 

recommend that tetraspores are acquired through induction under controlled laboratory 

(hatchery) conditions, as previous work has demonstrated that tetrasporogenesis can be 

consistently induced throughout the year in cultured broodstock to obtain large numbers of 

tetraspores (>10 million tetraspores per 100 g FW of tetrasporophyte biomass over a 15-day 
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period) (Chapter 3/Mihaila et al. (2023a)). This method would therefore be suitable for 

obtaining a reliable and sustainable supply of tetraspores for seeding.   

Previous work using domesticated tetrasporophytes originating from Mathesons Bay 

showed a bimodal pattern in sporulation with two peaks from the onset of reproduction, 

along with a 28-fold increase in the release of tetraspores at 18 °C compared to 15 °C under 

an 8 h L:16 h D photoperiod (Chapter 3/Mihaila et al. (2023a)). In the current study, all 

measures of reproduction and viability were high in June during 2021 when the 

temperature and photoperiod were closest to these values. However, despite the presence 

of what appeared to be mature tetrasporangia in all individuals in June the following year, 

tetraspore release was low and viability was also notably reduced. We were unable to 

determine the driver behind the marked difference in reproductive phenology between 

2021 and 2022 in this study, although it is possible that this represents small-scale 

interannual variation. Without comparable baseline data for tetraspore release and 

germination, it is not possible to determine whether patterns in these processes have 

shifted over the last 40 years, highlighting the importance of a quantitative baseline for 

detecting phenological change (Wernberg et al. 2012, Poloczanska et al. 2013). Future 

repeats of this study and/or longer-term studies are critical to account for short-term 

variation in reproduction and/or seasonal conditions that can occur between years 

(Hoffmann 1987, Viejo et al. 2011, Howells et al. 2017). 

 

2.5.2. Gametophytes 

Gametophyte abundance in natural populations of A. armata at Mathesons Bay was 

highly seasonal with individuals only present from late August–late November (austral 

winter–spring). While spermatangia-bearing males were identified from August–September, 
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cystocarpic gametophytes were only present from September–November, which was 

delayed and shorter in duration compared to the last phenological assessment in 1978–

1981 (cystocarps present from August–December) (Bonin and Hawkes, 1987). This was 

unexpected based on our previous observations where an advancement in the formation of 

cystocarps (present from early-August) was observed in 2020 (A. Mihaila, Unpublished 

results, 2020) compared to 1978–1981 (present from late-August, (Bonin and Hawkes 

1987)). Temperature, usually in combination with light, has been found to regulate 

precursory reproductive processes (e.g., gametogenesis and fertilisation) in gametophytes 

of many species of the brown seaweed Laminaria (Lüning and Neushul 1978, Lüning 1980, 

Lüning and Dieck 1989) and some species of red seaweeds, such as Cystoclonium purpureum 

(Molenaar et al. 1996) and Pyropia yezoensis (Kakinuma et al. 2006). For Asparagopsis, 

knowledge is lacking on the environmental regulation of reproductive processes in 

gametophytes as controlled culture experiments have largely been inconclusive, often 

resulting in the unexplained mortality of individuals (Mickelson 2013, Batista 2020). A 

reproductive phenology assessment of the sister species A. taxiformis in a population 

located in southern Spain reported that reproduction in gametophytes was independent of 

environmental conditions (Zanolla et al. 2017). A moderate significant correlation was 

identified between cystocarp density and TP in the present study. Moderate correlations 

between cystocarp density and SST and salinity were also found, although these were not 

significant. In combination, these results suggest that one or more of these environmental 

factors are important for controlling reproduction in gametophytes of A. armata in New 

Zealand, and therefore provide a starting point for manipulative controlled experiments to 

confirm the main drivers of reproduction.  
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Already opened cystocarps were present in the collected gametophytes throughout 

the entire reproductive season (September–November, austral spring) indicating, together 

with the previous assessment in 1978–1981, that carpospore release is a continuous process 

in A. armata (Bonin and Hawkes 1987). Continuous patterns of carpospore release for 

periods of up to 58 days have been observed from carposporophytes of several species of 

red seaweed, including Bostrychia moritziana, Pterosiphonia pennata, Kappaphycus 

alvarezii, and Murrayella periclados under controlled conditions (Azanza and Aliaza 1999, 

West and McBride 1999). We cannot directly compare our findings to these results due to 

the fact that we were unable to adequately assess carpospore release here as seemingly 

mature cystocarps collected during October–November failed to release carpospores under 

controlled conditions. This was despite a clear unimodal pattern in cystocarp density 

peaking during October. In the last assessment in 1978–1981, viable carpospores were 

released from late August–early December, although the extent of release was not 

quantified (Bonin and Hawkes 1987). Conversely, viable carpospores were only released 

from a low proportion of cystocarps during September in this study, suggesting that the 

period when individuals are reproductively viable may have decreased since 1978–1981. It is 

also important to consider, however, that our observed patterns could have been driven by 

unknown environmental factors that negatively impacted reproduction (West and McBride 

1999, Niwa and Harada 2013, Zubia et al. 2014) (see Section 2.5.3). General patterns in 

cystocarp opening and carpospore release still ultimately remain unclear for A. armata and 

this could be resolved with repeated and more frequent sampling. 
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2.5.3. Discoloration and environmental variables  

Tetrasporophytes and gametophytes were often poorly pigmented during our 

sampling in 2022, and in all cases these individuals failed to release viable spores and 

became completely discoloured and died within 24 h of initial inspection. Discoloration in 

seaweeds can indicate either a lack of resource(s), usually nutrient depletion, and/or 

exposure to adverse conditions, such as temperature or light stress (Niwa and Harada 2013, 

Zubia et al. 2014, Endo et al. 2017, Kreusch et al. 2019). Both situations have been 

associated with reduced survival and/or reproductive success in red seaweeds (West and 

McBride 1999, Choi et al. 2006). Large peaks in TN during February–April (austral summer–

autumn) and October in 2022, potentially as a result of increased run-off from higher 

rainfall, suggest that nutrient depletion was not a cause of discoloration in this study. On the 

other hand, SST’s were consistently higher during all months in 2022 compared to 2021, 

particularly during summer and autumn when they repeatedly exceeded 21 °C. Given the 

direct influence of temperature on the survival, reproduction, and recruitment of seaweeds 

and reported negative effects of heat waves on these processes (Lee and Brinkhuis 1986, 

Lüning and Yarish 1990, Bartsch et al. 2013, Kreusch et al. 2019), it is likely that heat stress 

negatively impacted the survival and/or reproductive success of individuals during our 

study. Increasing temperature can inhibit the production of phycobiliproteins and prolonged 

exposure can cause thalli to bleach and disintegrate (Graiff et al. 2015, Kumar et al. 2020). 

Long term exposure to heat stress (timescale of weeks) may also impair or cause irreversible 

damage to metabolic processes (Eggert 2012). Manipulative temperature tolerance 

experiments would provide a starting point for understanding the effect of elevated 

temperatures on reproductive processes in A. armata. Such studies would also assist in the 

development of management strategies for climate resilient aquaculture of Asparagopsis, 
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which will be especially important given the predicted increases in the frequency and 

intensity of marine heatwaves (Allen 2018) that could pose a challenge to gametophyte 

outplanting. Longer-term regular quantitative monitoring will be critical to gaining a better 

understanding of how our identified patterns compare with more general trends in 

reproductive phenology that encompass both warmer (including heat waves) and cooler 

temperatures.  

 

2.6. Conclusion  

The timing of when tetraspores were present in A. armata was not different in our 

study compared to the last phenological assessment in 1978–1981, although we did identify 

changes in when peak tetraspore release occurred between 2021 and 2022. In contrast, the 

timing of when cystocarps were present was delayed and shorter in duration in our study 

compared to the 1978–1981assessment, and the period of when viable carpospores were 

released under controlled conditions was greatly reduced. While there were clear patterns 

in the occurrence of tetraspores and cystocarps during 2022, reproductive output and 

viability under controlled conditions was generally low for both life stages. Based on our 

observed patterns, along with the high rates of initial discoloration and subsequent 

mortality throughout 2022, we hypothesize that aspects of reproduction in A. armata were 

compromised as a result of heat stress during this year. The effect of prolonged high 

temperatures on reproduction and survival in A. armata requires further investigation and 

will be an important consideration in managing the aquaculture of this species. This study 

provides an up-to-date, quantitative assessment of the reproductive phenology of a species 

of increasing commercial importance and supplies a baseline from which to further measure 
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how increases in temperature due to climate change will affect the timing of reproductive 

events in seaweeds.  
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Chapter 3 

Early hatchery protocols for tetrasporogenesis of the 

antimethanogenic seaweed Asparagopsis armata 

 
This chapter has been published in Journal of Applied Phycology as:  

Mihaila, A. A., R. J. Lawton, C. R. K. Glasson, and M. Magnusson. 2023a. Early hatchery 

protocols for tetrasporogenesis of the antimethanogenic seaweed Asparagopsis armata. 

Journal of Applied Phycology 35:2323-2335 (Appendix 12).  

 

3.1. Abstract 

Asparagopsis armata is an emerging aquaculture-target species due to its 

application as an antimethanogenic feed ingredient in ruminants, yet information on A. 

armata reproduction and cultivation is currently lacking. We therefore quantified the effects 

of temperature, irradiance, nutrients, and photoperiod, and addition of plant growth 

regulators (PGRs; indole-3-acetic acid, abscisic acid, 1-aminocyclopropane-1-carboxylic acid) 

on tetrasporogenesis in domesticated A. armata that had been maintained under controlled 

conditions (18 °C, 12h light:12h dark photoperiod) for 18 months prior to experimentation. 

Tetrasporogenesis was only induced at 5 and 15 µmol photons m-2 s-1 under an 8h light:16h 

dark photoperiod with 3.5 mg nitrogen L-1 and tetraspore release was 28-fold greater at 18 

°C compared to 15 °C after 28 days of exposure. After 29 days, tetraspore release and 

germination rate both declined. All PGR treatments prevented tetrasporogenesis. This study 

is the first to provide the detail and framework necessary to enable A. armata hatchery 

development. We conclude that tetrasporogenesis was most likely induced in response to a 
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significant reduction in photoperiod rather than as a result of replicating seasonal 

environmental conditions, and that temperature played a key role in determining 

reproductive output. With overall higher tetraspore release and a consistent germination 

rate of >90%, we recommend exposing tetrasporophyte biomass to 18 °C, 15 µmol photons 

m-2 s-1 and 3.5 mg nitrogen L-1 under an 8 h L:16 h D photoperiod for up to 29 days to obtain 

a reliable supply of tetraspores for seeding onto ropes for transfer to the hatchery phase.  

 

3.2. Introduction 

The red seaweeds Asparagopsis armata and Asparagopsis taxiformis are potent 

inhibitors of enteric methane due to their production and storage of the bioactive 

secondary metabolite bromoform (Kinley et al. 2016, Li et al. 2016, Machado et al. 2016a, 

Machado et al. 2018, Kinley et al. 2020, Roque et al. 2021). As a result, there is high interest 

to commercially cultivate these seaweeds at scale to supply the beef and dairy industries 

with biomass for inclusion in anti-methanogenic feeds (Duarte et al. 2017). However, before 

wide-scale adoption of Asparagopsis becomes possible, further research is required to 

develop techniques for large-scale commercialisation, product application technologies, and 

management strategies to ensure the long-term safety and efficacy of Asparagopsis in 

animal production systems (Vijn et al. 2020, Pandey et al. 2021, Glasson et al. 2022).  

The commercialisation of Asparagopsis requires a continuous supply of high quality 

biomass that will need to be provided through efficient and sustainable aquaculture (Vijn et 

al. 2020). As such, there are three approaches that can be used to farm Asparagopsis, 

namely: a) land-based aquaculture of the tetrasporophyte in tanks (Mata et al. 2010), b) 

mariculture of wild-harvest gametophyte by seeding ropes for grow-out (Kraan and 
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Barrington 2005, Wright et al. 2022), and c) closed life-cycle cultivation of gametophytes 

from tetraspores for mariculture on ropes (Figure 3.1). Closed-life cycle cultivation is a 

desirable method as it enables the year-round production of gametophytes via the induced 

reproduction of tetrasporophytes, although the complex life cycle of Asparagopsis (Figure 

3.1) makes it challenging to close all the stages of the life cycle under aquaculture. This 

approach will also enable future strain selection and selective breeding for the production 

of high quality Asparagopsis containing high content of bromoform (the primary bioactive 

component in Asparagopsis (Machado et al. 2016a, Glasson et al. 2022), thereby reducing 

the dosage of Asparagopsis required to achieve an optimal mitigation effect (Li et al. 2016, 

Charrier et al. 2017, Roque et al. 2019b, Kinley et al. 2020, Roque et al. 2021).  
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Figure 3.1 Schematic diagram of the life cycle of Asparagopsis armata 
Asparagopsis armata has a triphasic life cycle, alternating between a terete gametophyte (n), a 
microscopic carposporophyte (2n), and filamentous tetrasporophyte (2n) phase. Gametophytes are 
dioecious, with males producing spermatangia and females producing carpogonia. After fertilisation, 
the carposporophytes develop on the female thallus. Carposporophytes produce carposporangia, 
which release carpospores that germinate into tetrasporophytes. Tetrasporophytes (also referred to 
as individual ‘pom poms’) develop tetrasporangia, which release tetraspores that germinate into 
gametophytes (Bonin & Hawkes, 1987). Original pencil drawings, assembly and edits in Adobe 
Photoshop and Illustrator by Maro Guy. Drawings are not to scale.  
 

Successful seaweed aquaculture requires a high degree of control over the external 

factors regulating seaweed reproduction, such as irradiance, temperature, photoperiod, pH, 

and nutrient concentration (García-Jiménez and Robaina 2015, Charrier et al. 2017, Liu et al. 

2017). Identifying the optimum conditions to induce tetrasporogenesis (i.e., the mass 

formation of tetrasporangia) and the release, settlement, and germination of subsequent 

tetraspores into juvenile gametophytes are pivotal steps in establishing closed-life cycle 

aquaculture of Asparagopsis as it will enable the development of commercial hatcheries for 

generating sufficient and sustainable biomass supply to meet future demands (Jun Pang and 

 

Carposporophyte releasing 
carpospores from cystocarp 
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Lüning 2004, Charrier et al. 2017). Temperature, photoperiod, and nutrient concentration 

are critical factors for inducing tetrasporogenesis in Asparagopsis, and tetrasporogenesis 

has only been induced under short photoperiods (Oza 1977, Bonin and Hawkes 1987, Guiry 

and Dawes 1992). For example, when cultured at 17 °C, the critical photoperiod for inducing 

tetrasporogenesis in Irish and Australian strains of A. armata tetrasporophytes ranged 

between 8 h L:16 h D (Light:Dark)–9 h L:15 h D (Guiry and Dawes 1992). Similarly, 

tetrasporogenesis occurred when cultured at 15 °C under low nutrient concentrations (i.e. 

nitrate/phosphate deficient) and at photoperiods ranging between 6 h L:18 h D–8 h L:16 h D 

in French strains of A. armata (Oza 1977). However, no method with sufficient detail 

surrounding the timing and practical setup for inducing tetrasporogenesis or optimising the 

release, settlement and germination of tetraspores has been published.  

There is accumulating evidence that the application of plant growth regulators 

(PGRs) can provide benefits for aquaculture by accelerating and/or enhancing seaweed 

reproduction (Sacramento et al. 2007, Stirk and Van Staden 2014, Pilar et al. 2016, Garcia-

Jimenez and Robaina 2017, Liu et al. 2017). For example, the exogenous application of 

methyl jasmonate (100 µM) to Grateloupia imbricata reduced the cystocarp maturation 

period to 48 h compared to the typical >3-week period and increased the number of 

cystocarps 7.5-fold compared to controls (Pilar et al. 2016). Multiple studies have also 

detected increases in the production of indole-3-acetic acid (IAA), abscisic acid (ABA), and 1-

aminocyclopropane-1-carboxylic acid (ACC) in fertile thalli compared to infertile thalli in 

several species of seaweed (Nimura and Mizuta 2002, Kai et al. 2006, García-Jiménez and 

Robaina 2012, 2015, Uji et al. 2020), indicating that these PGRs may play a role in regulating 

seaweed reproduction. There is significant potential for PGRs to improve the efficiency of A. 

armata grown in hatcheries by reducing the induction period for tetrasporogenesis, which 
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would drastically improve the production of tetraspores over the same time scale, resulting 

in reduced overall costs of hatchery production (Watson and Dring 2011, Taelman et al. 

2015).   

The aim of this study was therefore to identify the optimal cultivation under 

controlled laboratory conditions for inducing and controlling tetrasporogenesis in the anti-

methanogenic red seaweed A. armata in New Zealand. This will provide a baseline method 

for obtaining a reliable supply of A. armata tetraspores to facilitate the development of 

sustainable A. armata aquaculture. The specific objectives of this study were to: (1) 

determine the effect of temperature, irradiance, nutrient concentration, and photoperiod 

on the induction of tetrasporogenesis under controlled laboratory conditions; (2) quantify 

the number of tetraspores released and germination rate of released tetraspores under 

successful inducing conditions; (3) determine the effect of selected PGRs on 

tetrasporogenesis with the target of accelerating tetrasporogenesis; and (4) regulate the 

induction of tetrasporogenesis (i.e. “switching” reproduction off and on) under controlled 

laboratory conditions. 

 

3.3. Materials and methods 

3.3.1. Sample collection and tetrasporophyte production 

Cystocarpic A. armata (approximately 20 individuals) were haphazardly collected 

from natural populations (Ministry for Primary Industries Special Permit number 742) at 2–3 

m depth by snorkelling in Matheson Bay, Leigh, New Zealand (36.31°S, 174.80°E) in August 

2020. Samples were transported in buckets filled with seawater collected at the site to the 

laboratory. The collected specimens were transferred to nutrient enriched (3.5 mg nitrogen 
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(N) L-1 and 0.3 mg phosphorus (P) L-1 (F/8), Varicon Aqua, Cell-Hi F2P) filtered seawater upon 

arrival to the laboratory and maintained in a temperature and light controlled room (18 °C, 

~15 µmol photos m-2 s-1, 12 h L:12 h D; spring/autumn conditions at Matheson Bay). Within 

a week, carpospores were released that had germinated into tetrasporophytes. 

Tetrasporophytes were scraped from the bottom of the bucket where they had settled and 

transferred into a new 2 L white plastic bucket filled with autoclaved-filtered seawater 

(AFSW) with nutrients were added at F/8. Germanium dioxide (GeO2) was added at a 

concentration of 2.5 mL L-1 to inhibit diatom growth. Tetrasporophytes were scaled up and 

maintained over an 18-month period under the same conditions described above with 

weekly water changes and were well acclimated to pre-experimental culture conditions. 

This biomass was used in the four succeeding experiments: 

    (1) Induction of tetrasporogenesis 

    (2) Enhancing tetrasporogenesis 

    (3)  Use of plant growth regulators 

    (4) Controlling repeated cycles of tetrasporogenesis 

 

3.3.2. Experimental overview 

The present study was divided into four experiments: 

In experiment one (induction of tetrasporogenesis, Figure 3.2A), A. armata 

tetrasporophyte filaments were exposed to different combinations of temperature, 

irradiance, and nutrient concentration to determine the effect of these environmental 

drivers on the induction of tetrasporogenesis under controlled laboratory conditions. 

Several treatment combinations resulted in the induction of tetrasporogenesis during 
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experiment one, but only at 15 °C (i.e. no treatments that included 11 or 13 °C resulted in 

tetrasporogenesis); therefore, in experiment two (enhancing tetrasporogenesis, Figure 

3.2B), the conditions were further refined by including photoperiod and adding a higher 

temperature treatment. Here, the number of released and settled tetraspores (hereafter 

referred to as released tetraspores) and the germination rate of released tetraspores were 

quantified under each set of conditions to identify an optimal set of conditions for inducing 

tetrasporogenesis. In experiment three (use of plant growth regulators), tetrasporophyte 

filaments exposed to the optimal set of conditions for inducing tetrasporogenesis were 

treated with selected PGRs at a range of concentrations to assess their effect on the 

induction of tetrasporogenesis with a target of shortening the required hatchery period. In 

experiment four (controlling repeated cycles of tetrasporogenesis), filaments were switched 

between the optimal set of conditions for inducing tetrasporogenesis and a set of conditions 

targeted at ceasing tetrasporogenesis to assess whether tetrasporogenesis can be ceased 

and restarted in the same biomass or if biomass is ‘spent’ following mass-production of 

tetraspores. Water changes were carried out weekly during all experiments.  
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Figure 3.2 (A) Experimental design for experiment one testing the effect of temperature, irradiance, 
and nutrient media (F/8 = 3.5 mg N L-1 and 0.3 mg P L-1, F/20 = 1.4 mg N L-1 and 0.1 mg P L-1) on the 
induction of tetrasporogenesis (n = 3). Photoperiod (L:D) was maintained at 8 h L :16 h D throughout 
the experiment. (B) Experimental design for experiment two testing the effect of temperature, 
irradiance, and photoperiod on the induction of tetrasporogenesis with the aim of enhancing 
tetrasporogenesis (n = 5). 

 

3.3.3. Experiment one: induction of tetrasporogenesis 

Twenty individual tetrasporophytes from the stock cultures were cut into 3–4 mm 

length filaments using dissecting scissors to obtain a homogenous mass of cuttings. 

Subsamples of approximately 40–50 filaments (~10 mg fresh weight (FW)) per replicate 

were transferred into individual Petri dishes (90 x 20 mm, LabServ, LBS60016) filled with 50 

mL of AFSW with nutrients (Varicon Aqua, Cell-Hi F2P) added at concentrations of F/8 (3.5 

mg N L-1 and 0.3 mg P L-1) and F/20 (1.4 mg N L-1 and 0.1 mg P L-1). Dishes were placed in 

environmental control cabinets (Panasonic, MLR-352) set at 11 °C, 13 °C, and 15 °C and light 
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setting 1 (LS1) with a photoperiod of 8 h L:16 h D based on previously published papers (Oza 

1977, Guiry and Dawes 1992). All dishes were placed at the back of the light source where 

light measurements (LI-COR, LI-1500) confirmed an average irradiance of 15 μmol photons 

m-2 s-1. The 5 μmol photons m-2 s-1 treatment was achieved by covering dishes with a white 

plastic tray. This resulted in 12 treatment combinations in a fully factorial design (n = 3 for 

each treatment, Figure 3.2A). Treatments were maintained under experimental conditions 

for 42 days. All treatments were visually inspected weekly for the presence of 

tetrasporangia by examining 30 filaments from each dish under a stereomicroscope 

(Olympus SZX2-ILLTQ), and the presence/absence of tetrasporangia for each treatment was 

recorded.  

 

3.3.4. Experiment two: enhancing tetrasporogenesis 

Tetrasporangia were only formed at 15 °C with F/8 treatments exposed to both 5 

and 15 μmol photons m-2 s-1 during the experiment one. Therefore, we used these 

conditions as the baseline for experiment two, which was a factorial experiment 

investigating the effect of temperature (15 and 18 °C), irradiance (5 and 15 μmol photons m-

2 s-1), and photoperiod (8 h L: 16 h D and 12 h L: 12 h D), with F/8, resulting in eight 

treatment combinations (n = 5 for each treatment, Figure 3.2B). A homogenous mass of 

tetrasporophyte filaments was prepared and subsamples were transferred into Petri dishes 

as described in experiment one (Section 3.3.3). Nutrients (Varicon Aqua, Cell-Hi F2P) were 

added at F/8. Dishes were placed in environmental control cabinets (Panasonic, MLR-352) 

set at temperatures of 15 and 18 °C and LS1 with photoperiods of 12 h L:12 h D and 8 h L:16 
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h D. Irradiances of 5 and 15 μmol photons m-2 s-1 were achieved as described in experiment 

one. The experiment was carried out in two parts, described below. 

For part one of the experiment (day 0–27), all treatments were maintained under 

experimental conditions for 27 days. These conditions were based on temperature, light and 

nutrient conditions that led to the successful induction of tetrasporogenesis after 21 days 

during experiment one. Here, the objective was to determine which treatment combination 

produced the highest number of released tetraspores over the shortest period of time and 

with the highest germination rate of the released tetraspores. After 7 days, treatments were 

visually inspected daily for the presence/absence of tetrasporangia by examining 30 

filaments from each dish under a stereomicroscope and the presence/absence of 

tetrasporangia for each treatment was recorded. For treatments in which tetrasporogenesis 

was successfully induced, the number of tetraspores released and germination rate of 

released tetraspores were quantified daily by counting the total number of newly released 

(ungerminated) and germinated tetraspores settled at the bottom of each dish using a 

stereomicroscope, as the first division of the germinating tetraspore is evident after 24 h 

(Figure 3.3). The biomass was kept in the same dish throughout this part of the experiment. 

For part two of the experiment (day 28–52), only the most successful treatment 

combination was selected for continuation. This combination was identified as the one in 

which filaments produced the highest number of released tetraspores over the shortest 

period of time and with the best germination rate of released tetraspores after 27 days. 

Here, the aim was to determine the peak time period for tetraspore release and the cut-off 

point for tetrasporogenesis under these conditions. Due to the high total number of 

tetraspores released per day (>500 day-1 per dish) during part one of the experiment, the 
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method for quantifying tetraspore release and germination rate was adjusted as follows: 

each day, the entire contents (biomass and water) of each dish were transferred into a new 

dish and tetraspore release was quantified by counting the number of released tetraspores 

at the bottom of each original dish. New nutrient medium was added back into the original 

dishes which were transferred back to their respective culture cabinets. Germination rate 

was then quantified by counting the number of germinated tetraspores in each original dish 

three days post-release. The most successful treatment was maintained under experimental 

conditions for a total of 52 days.  

 

 

Figure 3.3 (A) First division of a germinating tetraspore (<24h of release). Arrow indicates the first 
division. (B) Released tetraspore (right) and second division of a germinating tetraspore (left) (<48h 
of release). Arrows indicate the first and second division. Scale is the same for both images. 
 

3.3.5. Experiment three: use of plant growth regulators 

A homogenous mass of tetrasporophyte filaments was prepared and subsamples 

were transferred into Petri dishes as described in experiment one. Three PGRs: indole-3-

acetic acid (IAA), abscisic acid (ABA), and 1-aminocyclopropane-1-carboxylic acid (ACC), 

were applied at three concentrations: 0.1 μM, 1.0 μM, and 10 μM (n = 3 for each 
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treatment). A control with no PGRs added was also included (n = 3). PGR stock solutions 

were prepared using reverse osmosis (RO) treated water at concentrations of 17.5 mg 100 

mL-1, 10.1 mg 100 mL-1, and 26.43 mg mL-1 for IAA, ABA, and ACC, respectively. IAA and ABA 

were dissolved in ethanol (EtOH) and dimethyl sulfoxide (DMSO), respectively, as carriers 

due to their low solubility in water. Solvent controls were previously tested with no effect 

detected and were therefore not included in the run. PGR stock solutions were added to 

each dish according to the three treatment concentrations and topped up to 50 mL with 

AFSW and nutrients added at F/8. Dishes were placed in an environmental control cabinet 

(Panasonic, MLR-352) set at 18 °C, 15 μmol photons m-2 s-1 (LS1), and an 8 h L:16 h D 

photoperiod. All treatments were visually inspected every second day for the presence of 

tetrasporangia by examining 30 filaments from each dish under a stereomicroscope and the 

presence/absence of tetrasporangia for each treatment was recorded. Water changes were 

carried out with PGRs added as described above. As the aim of this experiment was to 

determine whether tetrasporogenesis can be accelerated to shorten the required hatchery 

period, the experiment was run for a total of 14 days based on the successful induction of 

tetrasporogenesis after 14 days under these conditions during experiment two.  

 

3.3.6. Experiment four: controlling repeated cycles of tetrasporogenesis 

A pilot experiment using excess reproductive tissue grown under the optimal 

conditions for inducing tetrasporogenesis (i.e., 18 °C, 15 μmol photons m-2 s-1, 8 h L: 16 h D, 

F/8) in experiment two was conducted to identify conditions to cease tetrasporogenesis. On 

day 30 and 42 of experiment two, approximately 3–4 filaments from each replicate Petri 

dish were combined and transferred into separate Petri dishes (90 x 20 mm) filled to 50 mL 
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with AFSW and incubated under conditions selected to inhibit tetrasporogenesis (n = 1, 

Figure 3.4A). The filaments transferred on day 30 were grown at 18 °C, 15 μmol photons m-2 

s-1, 12 h L: 12 h D, and with nutrients added at F/8, whereas the filaments transferred on 

day 42 were exposed to 20 °C, 5 μmol photons m-2 s-1, 15 h L:9 h D, and with nutrients 

added at F/4 (7.0 mg N L-1). All treatments were visually inspected every 2–3 days for the 

presence of tetrasporangia by examining all filaments from each dish under a 

stereomicroscope and the presence/absence of tetrasporangia for each treatment was 

recorded. Both treatments were maintained under experimental conditions for 16 days, or 

until tetrasporogenesis had ceased. Since tetrasporangia only ceased in 20 °C, 5 μmol 

photons m-2 s-1, 15 h L:9 h D, F/4 treatments (non-inducing conditions), these conditions 

were tested with new stock culture biomass as described below to confirm their effects on 

tetrasporogenesis. 

A homogenous mass of tetrasporophyte filaments was prepared and subsamples 

were transferred into Petri dishes as described in experiment one (Section 3.3.3). Nutrients 

were added at F/8 and dishes were placed in an environmental control cabinet (Panasonic, 

MLR-352) set at 18 °C, 15 μmol photons m-2 s-1 (LS1), and a photoperiod of 8 h L:16 h D 

(inducing conditions, n = 5, Figure 3.4B). Dishes were visually inspected to confirm the 

presence of tetrasporangia after 14 days as described in experiment three. Treatments were 

maintained under inducing conditions for a further 16 days, and then visually inspected to 

confirm tetrasporogenesis was still occurring. Cabinet settings were then changed to 20 °C 

and 5 μmol photons m-2 s-1, and a photoperiod of 15 h L:9 h D, and the nutrient 

concentration was increased to F/4 (non-inducing conditions). Treatments were visually 

inspected every second day for the presence/absence of tetrasporangia as described 

previously and were maintained under these experimental conditions for 14 days, or until 
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tetrasporogenesis had ceased. Once tetrasporangia were no longer present inside filaments, 

cabinet settings were changed back to inducing conditions and treatments were visually 

inspected weekly for the presence of tetrasporangia. Treatments were maintained under 

inducing conditions for 21 days, or until tetrasporangia were formed, at which point the 

experiment ended.  

 
Figure 3.4 Experimental flow for (A) pilot trial 
and (B) experimental flow for experiment 
four where tetrasporophytes were exposed 
to different sets of conditions targeted at 
either inducing (condition I; 18 °C, 15 μmol 
photons m-2 s-1, 8 h L: 16 h D, F/8 (3.5 mg N L-

1), ceasing (condition II; 20 °C, 5 μmol 
photons m-2 s-1, 15 h L:9 H D, F/4 (7.0 mg N L-

1) and condition III; 18 °C, 15 μmol photons 
m-2 s-1, 12 h L: 12 h D, F/8), or re-starting 
(condition I) tetrasporogenesis. Days indicate 
the time under each set of conditions. Box 
colour indicates whether biomass was 
reproductive (grey) or non-reproductive 
(white) during each stage of the experiment. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

3.3.7. Statistical analysis 

Three-factor permutational analysis of variance (PERMANOVA) was used to compare 

the effect of temperature, light, and photoperiod (fixed factors) on the number of 
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tetraspores released day-1. As tetrasporogenesis is a prolonged process, analyses on 

tetraspore release were carried out using data that had been averaged across day 14–20 

(week 3) and day 21–27 (week 4) for each treatment; data for time period were analysed 

separately to identify the best treatment combination at each time period, rather than to 

detect significant differences over time. PERMANOVAs were run using Euclidean distance 

resemblance matrices, 9,999 unrestricted permutations of raw data, and Type III sum of 

squares (Anderson et al. 2008). Pair-wise a posteriori comparisons were carried out using 

PERMANVOA if a significant difference (P ≤0.01) was detected. Eta-squared (%) ɳ2 = SSfactor / 

SStotal x 100; with SSfactor being the sum of squares of a particular factor and SStotal being the 

total sum of squares, was calculated to determine the proportion of the total variation in 

the number of tetraspores released that was associated with each factor (temperature, 

light, and photoperiod) (Richardson 2011). Formal statistical analyses were not carried out 

for germination rate because including all replicates shows a decline in germination rate on 

days where some replicates had no released tetraspores. Consequently, only including 

replicates where tetraspores were released would result in an unbalanced design with low 

statistical power due to a low number of replicates. All statistical analyses were conducted 

using PRIMER ver.7 (Primer-E., UK). All data is reported as mean ± standard error (SE); n = 3 

for experiments one and three, n = 5 for experiments two and four.  

 

3.4. Results 
 

3.4.1. Experiment one: induction of tetrasporogenesis 

Tetrasporangia were formed only in 15 °C and F/8 treatments exposed to either 5 

(2/3 replicates) or 15 µmol photons m-2 s-1 (3/3 replicates) and were first visible from day 21 
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of the experiment (Table 3.1). Tetrasporangia continued to form on day 28 and 35, and by 

day 28, both treatments had released tetraspores that had successfully settled and 

germinated into juvenile gametophytes (Table 3.1). No tetrasporangia were formed on day 

42. No tetrasporangia were formed in 11 °C and 13 °C or F/20 treatments exposed to either 

irradiance at any point during the experiment. 

 

Table 3.1 Presence/absence (+/-) of 
tetrasporangia, over a 42-day period 
(experiment one: induction of 
tetrasporogenesis) (n = 3). Treatment 
names correspond to the given 
temperature (T, °C), light (L, µmol 
photons m-2 s-1), and nutrient conditions 
for each treatment. 

 
 
 
 
 
 

 
 

3.4.2. Experiment two: enhancing tetrasporogenesis 

Tetrasporangia were formed only in 18 and 15 °C treatments exposed to 15 µmol 

photons m-2 s-1 and an 8 h L:16 h D photoperiod and first began to form on day 14 and 17 of 

the experiment, respectively. The number of tetraspores released per day (tetraspores day-

1) differed significantly among temperature treatments, but the effects were not consistent 

among photoperiod or light treatments (Table 3.2). Tetraspore release was 9-fold and 28-

fold greater for 18 °C treatments compared to 15 °C treatments during day 14–20 and day 

21–27 of the experiment, respectively (P = 0.007, Figure 3.5). Tetraspore release was higher 

during day 21–27 of the experiment for both temperature treatments, with an average of 

Treatment 
Day 

7 14 21 28 35 42 
11 T 15 L F/8 - - - - - - 
11 T 5 L F/8 - - - - - - 
11 T 15 L F/20 - - - - - - 
11 T 5 L F/20 - - - - - - 
13 T 15 L F/8 - - - - - - 
13 T 5 L F/8 - - - - - - 
13 T 15 L F/20 - - - - - - 
13 T 5 L F/20 - - - - - - 
15 T 15 L F/8 - - + + + - 
15 T 5 L F/8 - - + + + - 
15 T 15 L F/20 - - - - - - 
15 T 5 L F/20 - - - - - - 
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541 ± 136 (18 °C) and 20 ± 7 (15 °C) tetraspores day-1 during day 21–27 compared to an 

average of 56 ± 34 (18 °C) and 6 ± 5 (15 °C) tetraspores day-1 during day 14–20, and there 

were generally large variations in tetraspore release occurring between replicates of the 

same treatment (Figure 3.5). Approximately 14% of the variation in tetraspore release was 

due to the interaction between light and photoperiod (L x L:D), as well as light and 

photoperiod as individual factors, whereas approximately 10% of the variation was due the 

remaining interactions (T x L, T x L:D, T x L x L:D) and temperature as an individual factor 

(Table 3.2). The germination rate of released tetraspores during day 20–14 and day 21–27 

ranged between 94 ± 6–97 ± 3% for both treatments (Figure 3.6). No tetrasporangia were 

formed in treatments exposed to 5 µmol photons m-2 s-1 or a 12 h L:12 h D photoperiod.  

 

Table 3.2 Results of permutational analysis of variance (PERMANOVA) testing the effect of 
temperature (T), light (L), and photoperiod (L:D) on tetraspore release (day-1) (n = 5) 14–20 days and 
21–27 days after initial exposure to different treatments (experiment two: enhancing 
tetrasporogenesis). F-statistics (F), the significance level (P) with significant effects in bold, and the 
eta-squared value (ɳ2, % of variance) as a measure of effect size are reported. 

Source 

 Day 14–20  Day 21–27 
df F P ɳ2 F P ɳ2 

T 1 12.82 <0.001 9.1 29.65 <0.001 11.7 
L 1 19.29 <0.001 13.7 34.25 <0.001 13.5 
L:D 1 19.29 <0.001 13.7 34.25 <0.001 13.5 
T x L 1 12.82 <0.001 9.1 29.65 <0.001 11.7 
T x L:D 1 12.82 <0.001 9.1 29.65 <0.001 11.7 
L x L:D 1 19.29 <0.001 13.7 34.25 <0.001 13.5 
T x L x L:D 1 12.82 <0.001 9.1 29.65 <0.001 11.7 
Residuals 32       

 



75 
 

 

Figure 3.5 Mean (± SE) tetraspore release (day-1) 14–20 days and 21–27 days after initial exposure to 
different treatments (experiment two: enhancing tetrasporogenesis) (n = 5). Treatment names 
correspond to the given temperature (T, °C), light (L, µmol photons m-2 s-1), and photoperiod (L:D, h) 
conditions for each treatment. Pre-experimental culture conditions (18 T; 15 L; 12L: 12D) were used 
as a control. 
 
 

 

Figure 3.6 Mean (± SE) germination rate (%) of released tetraspores (i.e. tetraspores germinated 
within 24 h of release) 14–20 days and 21–27 days after initial exposure to different treatments 
(experiment two: enhancing tetrasporogenesis) (n = 5). Treatment names correspond to the given 
temperature (T, °C), light (L, µmol photons m-2 s-1), and photoperiod (L:D, h) conditions for each 
treatment. 

 
 

Tetrasporophyte filaments exposed to 18 °C, 15 µmol photons m-2 s-1, and an 8 h 

L:16 h D photoperiod produced the highest number of released tetraspores during day 14–

20 and day 21–27 while maintaining a germination rate of >90%; therefore, these filaments 
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were kept under the same treatment conditions for a further 25 days to continue assessing 

tetraspore release and germination rate. There were two peaks in tetraspore release under 

these conditions throughout the whole experimental period (Figure 3.7A). The peaks 

occurred from day 27–29 (peak one) and day 49–50 (peak two) and were similar in size, with 

averages of 859 ± 173 and 757 ± 128 tetraspores day-1 respectively, with large variations in 

tetraspore release occurring between replicates of the same treatment (Figure 3.7A). In 

contrast, the germination rate of released tetraspores was notably higher during peak one 

with an average of 92 ± 4% across peak one, compared to an average of 44 ± 8% across peak 

two, and was overall more consistent between samples of the same treatment (Figure 

3.7B). Tetrasporangia continued to form at the end of the experiment (day 52).  

 

Figure 3.7 Mean (± SE) (A) tetraspore 
release (day-1 per dish) and (B) 
germination rate (%) of released 
tetraspores (i.e., tetraspores 
germinated within 24 h of release from 
18 °C, 15 µmol photons m-2 s-1, and 8 h 
L:16 h D treatments from the onset of 
tetraspore release (day 14) over a 52-
day period (experiment two: enhancing 
tetrasporogenesis) (n = 5). 
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3.4.3. Experiment three: use of plant growth regulators 

Tetrasporangia were not observed in the seaweeds treated with PGRs after 14 days. 

As observed previously in the enhancing tetrasporogenesis experiment, tetrasporangia were 

formed in the 18 °C, 15 µmol photons m-2 s-1, and 8 h L:16 h D (control conditions with no 

PGRs added) treatment (3/3 replicates) after 14 days. 

 

3.4.4. Experiment four: controlling repeated cycles of tetrasporogenesis 

In pilot trials (n = 1), tetrasporangia were present in filaments exposed to inducing 

conditions (18 °C, 15 µmol photons m-2 s-1, 12 h L:12 h D, and F/8) 14 days from the start of 

tetraspore formation. This was previously demonstrated to be peak tetraspore release 

before a decline was detected. Once transferred to non-inducing conditions (20 °C, 5 μmol 

photons m-2 s-1, 15 h L:9 h D, and F/4), tetrasporogenesis ceased after 8 days.   

In the replicated experiment (n = 5), tetrasporangia were present in filaments 

exposed to inducing conditions after 14 days from the start of tetraspore formation. After 

12 days of exposure to non-inducing conditions, tetrasporangia were no longer present in 

filaments. After 14 days of exposure back to inducing conditions, tetrasporangia were 

present again in filaments. These results were consistent in all five replicates.  

 

3.5. Discussion 

In this study, we successfully induced tetrasporogenesis and the release and 

germination of tetraspores in domesticated A. armata tetrasporophyte that had been 

acclimated at 18 °C, ~15 µmol photos m-2 s-1, and 12 h L:12 h D for 18 months prior to 

experimentation. Reproductive processes in seaweeds are typically controlled by one or 
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more environmental factors (Liu et al. 2017, de Bettignies et al. 2018) which can be 

manipulated to induce and optimise reproduction under controlled laboratory conditions 

for aquaculture purposes (Charrier et al. 2017). Previous studies assessing the effects of 

environmental factors on tetrasporogenesis in A. armata (Oza 1977, Guiry and Dawes 1992) 

were carried out from an ecological standpoint, rather than with the purpose of informing 

and developing farming techniques, and thus lack the detail necessary for applying these 

methods at the scale required for commercial aquaculture. This study presents a 

quantitative analysis of the effects of temperature, irradiance, nutrient concentration, and 

photoperiod on the induction of tetrasporogenesis in A. armata tetrasporophytes and 

provides a foundational method for obtaining a high and reliable supply of tetraspores that 

can be upscaled to facilitate commercial hatchery development. There were clear 

interactive effects of light and photoperiod on tetrasporogenesis, and manipulating 

temperature was key to optimising this process. Based on our findings, the proposed 

method for optimising the production of tetraspores and their germination into juvenile 

gametophytes to maximise the number of tetraspores for seeding onto ropes for mass-scale 

seaweed cultivation is to expose tetrasporophytes to 18 °C, 15 µmol photons m-2 s-1 and F/8 

(3.5 mg N L-1) under an 8 h L:16 h D photoperiod for up to 29 days. 

Our findings demonstrate that a specific combination of temperature, irradiance, 

photoperiod, and nutrients is required to induce tetrasporogenesis in A. armata. A 

photoperiod of 8 h L:16 h D was critical for inducing tetrasporogenesis in our New Zealand 

strain of A. armata, but only at temperatures of 15 and 18 °C and a nutrient concentration 

of F/8 (3.5 mg N L-1). This was similar to previous studies where tetrasporogenesis was only 

induced under short photoperiods in combination with relatively narrow temperature bands 

that differed between strains (Oza 1977, Lüning and Dieck 1989, Guiry and Dawes 1992) 
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(Table 3.3). The optimal conditions that induced tetrasporogenesis in our New Zealand 

strain, as well as several previously assessed strains (Oza 1977, Guiry and Dawes 1992), 

coincided with the spring/autumn temperature and natural winter photoperiod at the 

collection locations for these strains (Tables 3.3 and 3.4). These temperature and 

photoperiod conditions do not occur simultaneously during any season for the majority of 

assessed strains (Table 3.3). Furthermore, the inducing photoperiod identified in this study 

(8 h L:16 h D) does not naturally occur at the collection location of our strain (Table 3.4), 

suggesting that tetrasporogenesis was induced by stress induction through a significant 

reduction in photoperiod, rather than by replicating natural reproductive environmental 

conditions. Moreover, photoperiod was the only factor changed between the conditions 

that resulted in optimal tetraspore release in experiment two (enhancing tetrasporogenesis) 

and the maintenance conditions of the stock cultures (18 °C, ~15 µmol photos m-2 s-1, 12 h 

L:12 h D) used to conduct the experiment. This conclusion is also supported by the fact that 

tetrasporogenesis is first induced in natural populations in March (austral autumn) when the 

ambient conditions are markedly different from those which induced tetrasporogenesis in 

this study (Tables 3.3 and 3.4) (Bonin and Hawkes 1987), although such high temperatures 

were not tested in the current study.
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Table 3.3 Results of previous studies testing the effects of temperature and photoperiod on the induction of tetrasporogenesis in A. armata 
tetrasporophytes from different locations. Only successful conditions (i.e. those which resulted in the induction of tetrasporogenesis) are reported. 
Bracketed letters indicate the season at each location that correspond to the tested temperature and photoperiod conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aBased on the mitochondrial cox2-3 spacer marker (Dijoux et al. 2014, Preuss et al. 2022) 

bMean sea surface temperature 2020 (Sea Temperature Info 2022) 
cMean photoperiod 2020 (Sunrise and sunset 2020, World Data Info 2022) 
SU = summer, AU = autumn, WI = winter, SP = spring 

Author(s) Lineage/ 
Haplotypea 

Strain 
location 

Temperature  
(°C)b 

Photoperiod 
(L:D)c 

Notes 

Oza 1977 L1A Brittany, 
France 

15 
(AU/SP) 

8:16, 6:18 
(WI) 

Tetrasporogenesis induced under nutrient depletion 
(1.4 mg N L-1) 

Guiry and 
Dawes 1992 

L1A 
 

Galway, 
Ireland 

17 
(SU) 

8:16 
(WI) 

Tetrasporogenesis induced under nutrient levels >0.21 
mg NO3 L-1 

L1A Sicily, Italy 17, 19, 21 
(AU/SP) 

8:16, 9:15 
(WI) 

No effect of nutrient concentration 

Unknown Victoria, 
Australia 

13,15,17 
(AU/SP) 

8:16 
(WI) 

Low reproduction (<30% of individuals) across all 
treatments 

Bonin and 
Hawkes 1987 

L1B Leigh, New 
Zealand 

- - Culture conditions not described, but 
tetrasporogenesis reported under ‘spring conditions’ 

Present study L1B Leigh, New 
Zealand 

15, 18 
(AU–SP) 

8:16 
(WI) 

Tetrasporogenesis induced under increased nutrient 
levels (3.5 mg N L-1), low reproduction at 15°C 
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Table 3.4 
Environmental 
conditions at Leigh, 
Auckland, New 
Zealand. 

 

 

 

 

 

aMean and range sea surface temperature 2020 (Sea Temperature Info 2022) 
bMean photoperiod 2020 (Sunrise and sunset 2020)  
 

 

Tetrasporogenesis was optimal at 18 °C, with both tetraspore release and 

germination rate significantly higher than at 15 °C, whereas temperatures below 15 °C (11 

and 13 °C) did not result in tetrasporogenesis, similar to previous studies (Oza 1977, Lüning 

and Dieck 1989, Guiry and Dawes 1992). While tetrasporogenesis occurred at 5 µmol 

photons m-2 s-1 during experiment one (induction of tetrasporogenesis), there was higher 

variability between replicates than at 15 µmol photons m-2 s-1 and tetrasporogenesis did not 

occur at all at 5 µmol photons m-2 s-1 during experiment two. Preliminary experiments with 

higher temperature and light conditions resulted in more bleached and fouled filaments. An 

irradiance of 15 µmol photons m-2 s-1 is therefore recommended as the minimum amount of 

light required for reliable induction. Nutrient depletion (~1.4 mg N L-1) prevented 

tetrasporogenesis under all conditions tested during experiment one, which contrasts with a 

previous study reporting the induction of tetrasporogenesis under these same conditions 

for French strains of A. armata (Oza 1977) (Table 3.3). Conversely, nutrient concentration 

had no effect on the induction of tetrasporogenesis in Italian strains (Guiry and Dawes 1992) 

Season Month Temperature (°C)a Photoperiod (L:D)b 

Summer December 19.1 (18.2–20.3) 14:10 
Summer January 20.1 (18.7–22.4) 14:10 
Summer February 21.9 (21.5–22.8) 13:11 
Autumn March 20.9 (20.0–22.0) 12:12 
Autumn April 19.4 (18.5–20.3) 11:13 
Autumn May 17.6 (16.9–18.7) 10:14 
Winter June 16.5 (15.8–17.0) 9:15 
Winter July 15.3 (14.8–15.8) 10:14 
Winter August 14.5 (14.1–14.9) 10:14 
Spring September 14.6 (14.4–15.0) 11:13 
Spring October 16.0 (14.6–17.8)  13:11 
Spring November 18.0 (17.5–18.5)  14:10 
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(Table 3.3). Variation in the effects of environmental factors on tetrasporogenesis are 

expected across geographically isolated strains of seaweed due to the reproductive 

synchrony of seaweeds with their surrounding environment (Ims 1990, Rule et al. 2013). 

Moreover, such variation may also occur across geographically separated populations of the 

same strain, or between co-existing strains as a result of underlying genetic differences 

(Mata et al. 2017, Jansen et al. 2022). The samples used in the present study were most 

likely of the L1B lineage, which is part of one of the two lineages (L1B and L2B within two 

cryptic clades L1 and L2) of A. armata found within New Zealand (Preuss et al. 2022). L1B is 

widespread throughout New Zealand, whereas L2B is currently found only in the south of 

the North Island to Stewart Island, where it has been found to co-exist with L1B in several 

locations (Preuss et al. 2022). Future work could look to expose A. armata tetrasporophytes 

from co-occurring L1B and L2B strains, as well as different populations of the L1B strain, to 

the optimal conditions identified in this study to further understanding of the effects of 

genetic versus environmental factors on the induction of tetrasporogenesis in A. armata.  

The method reported in the present study significantly reduced the time required for 

induction compared to previous studies where tetrasporangia were induced after 5–8 

weeks of exposure to experimental conditions (Oza 1977, Guiry and Dawes 1992). This is of 

critical importance for the viability of seeding at scale, as nursery and hatchery periods 

typically contribute a substantial proportion of ongoing operational costs (Watson and Dring 

2011, Werner and Dring 2011, Taelman et al. 2015). There is also further potential for cost 

reduction through accelerated and enhanced reproduction with the use of PGRs. For 

example, sorus formation of the kelp Laminaria japonica was accelerated by two weeks with 

the application of ABA (10 µM) (Nimura and Mizuta 2002), while carpospore release in the 

red seaweed Pyropia yezoensis was significantly enhanced with the application of the 
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ethylene precursor ACC (50 µM) (Uji et al. 2020). Contrary to these studies, there was no 

positive effect of PGRs on tetrasporogenesis in this study. One possible explanation for this 

was that one or more of these PGRs caused a shift in metabolism from reproduction to 

growth, as evinced by the suppression of sorus formation alongside increased growth in L. 

japonica with the addition of IAA (10 µM) (Kai et al. 2006). However, growth was not 

quantified here to enable further discussion in this regard. Little is known about the effects 

of PGRs specifically on tetrasporogenesis, with research concentrated on the effect of 

ethylene in Pterocladiella capillecea where exposure to ethylene (30 min) increased the 

number of tetrasporangial branches by nearly 200-fold compared to controls (García-

Jiménez and Robaina 2012). Omics studies such as internal analyses of seaweed PGR 

contents from maintenance conditions through to a full reproductive cycle would facilitate 

the prospective application of PGRs for improving the efficiency of hatchery production. 

Most cultivated seaweeds, including kelps and nori (Porphyra and Pyropia), undergo 

instant mass spore release where a high number of spores is immediately available for 

seeding at the onset of spore release (Redmond et al. 2014). Conversely, tetrasporogenesis 

in A. armata is a continuous process with variable sporulation in which there are evident 

peaks in tetraspore release. The method for seeding tetraspores will need to account for 

this. The methods reported here are suitable for obtaining a continuous high supply of 

tetraspores at the scale required for commercial hatchery development. Based on this study 

where ~10 mg FW of tetrasporophyte biomass was used per dish, an estimated >10 million 

tetraspores per 100 g FW of tetrasporophyte biomass could be obtained for seeding over a 

15-day period from day 14 at the onset of tetrasporogenesis to day 29 at the end of the first 

peak. However, this method would result in juvenile gametophytes at slightly different 

stages of development, which may pose challenges if there are marked differences in the 
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requirements of early-stage hatchery conditions. Another option could be to carry out 

seeding only at day 27–29 during the first peak, resulting in an estimated 7.6–8.6 million 

tetraspores per 100 g FW of tetrasporophyte biomass. The second peak in tetraspore 

release (day 49–50) was lower in both the number and germination rate of released 

tetraspores, and there was higher variability between replicates compared to the first peak. 

For these reasons, it is not recommended for seeding to be carried out during the second 

peak.  

For the first time, we showed that tetrasporogenesis can be ceased on demand by 

exposing tetrasporophytes to an extended photoperiod of 15 h L:9 h D, alongside a decrease 

in irradiance (5 µmol photons m-2 s-1) and increase in temperature (20 °C) and nutrient 

concentration (7.0 mg N L-1), and then induced again by placing the same tetrasporophytes 

back under inducing conditions. This would prove useful in situations where 

tetrasporophyte biomass is limited. The ability to maintain and re-use previously-induced 

broodstock would also increase management options and be beneficial for research 

purposes (Jeliani et al. 2018). Additionally, as the second peak in tetrasporogenesis is less 

reproductive, broodstock may need to recover after being induced for seeding to reduce the 

risk of contamination that arises from increased time under seeding conditions (Mooney-

McAuley et al. 2016). Whether repeatedly inducing tetrasporogenesis in the same biomass 

affects reproductive output and/or germination rate would need to be addressed in future 

work to assess whether this is a viable approach. Nevertheless, this work serves as a 

baseline for the process of undertaking repeated cycles of induced tetrasporogenesis to 

obtain A. armata tetraspores for seeding.  
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3.6. Conclusion  

This study is the first to fundamentally optimise tetrasporogenesis and provide the 

detail and framework necessary for enabling A. armata hatchery development. We provide 

a baseline method for inducing tetrasporogenesis in A. armata and demonstrate that this 

process can be controlled through the manipulation of specific environmental parameters. 

Tetrasporogenesis was induced after 14 days when tetrasporophytes were exposed to an 8 

h L:16 h D photoperiod with an irradiance of 15 µmol photons m-2 s-1 and nutrients added at 

a concentration of 3.5 mg N L-1 (F/8). Increasing the temperature from 15 to 18 °C resulted 

in a mass increase in tetraspore release which peaked after a total of 27–29 days of 

exposure to inducing conditions. In contrast, exposing tetrasporophytes to 11 and 13 °C 

under an 8 h L:16 h D photoperiod with lower light intensities and nutrient concentrations 

did not result in the induction of tetrasporogenesis. We conclude that tetrasporogenesis 

was most likely induced through stress in the form of a significant reduction in photoperiod 

rather than as a result of replicating seasonal reproductive environmental conditions, and 

that temperature plays a key role in determining the reproductive output of A. armata 

tetrasporophytes. These findings will enable further research to optimise the methods for 

seeding released tetraspores onto ropes, as well as optimising early hatchery and nursery 

conditions to maximise the development of gametophytes for in-sea outplanting. 
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Chapter 4 

Moderate temperature and water flow increase growth during the 

nursery phase of Asparagopsis armata 

 
This chapter has been published in Algal Research as:  

Mihaila, A. A., R. J. Lawton, C. R. K. Glasson, and M. Magnusson. 2024. Moderate 

temperature and water flow increase growth during the nursery phase of Asparagopsis 

armata. Algal Research 78:103380 (Appendix 12). 

  

4.1. Abstract 

The red seaweed Asparagopsis armata is a target species for commercial cultivation. 

However, to facilitate nursery production, optimal cultivation methods for the early life 

stages of this species need to be developed. Therefore, this study examined the interactive 

effects of temperature (15 °C, 18 °C and 21 °C), irradiance (15 and 30 µmol photons m-2 s-1) 

and photoperiod (12 h L:12 h D and 8 h L:16 h D), and nutrient concentration (F/8 and F/4) 

and water flow (0.6 L min –1) on the development and growth of juvenile gametophytes of A. 

armata across two controlled laboratory experiments. Temperature and water flow had the 

greatest effect on the length of gametophytes, which was highest at 18 °C and with water 

flow. Gametophytes developed rapidly and were consistently largest when exposed to a 12 

h L:12 h D photoperiod and growth increased when individuals were maintained at 15 µmol 

photons m-2 s-1 compared to 30 µmol photons m-2 s-1 under a 12 h L:12 h D photoperiod. 

Nutrients did not limit growth at either concentration, although contamination increased 

with increasing nutrient concentration and irradiance. Water flow is highly recommended 
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during nursery cultivation of A. armata as this resulted in almost double the overall biomass 

productivity compared to static treatments. This work identifies critical parameters for 

enhancing development and growth during the early life stages of A. armata and provides 

fundamental information to facilitate system-specific upscaling and enable larger scale 

nursery production.  

 

4.2. Introduction 

Dietary inclusion of Asparagopsis (Bonnemaisoniaceae, Rhodophyta) species in 

ruminant feed is one of the most effective strategies for mitigating enteric methane 

emissions (Kelly 2020, Morais et al. 2020, Ungerfeld et al. 2022). Given the urgency to 

implement effective methane mitigation strategies (Gerber et al. 2013), there is a need to 

generate aquaculture production of these seaweeds at a commercial scale (Zhu et al. 2021, 

Beauchemin et al. 2022). However, reliable methods for mass cultivation of Asparagopsis 

still require further development for the early life stages (Mayberry et al. 2019, Vijn et al. 

2020, Torres et al. 2021, Glasson et al. 2022, Wright et al. 2022). Asparagopsis has a 

triphasic life cycle alternating between a terete gametophyte (n), a microscopic 

carposporophyte (2n), and a filamentous tetrasporophyte (2n) stage (Bonin and Hawkes 

1987). Cultivation of gametophytes by means of inducing the formation and release of 

tetraspores in tetrasporophytes, subsequent seeding of tetraspores onto lines, and 

maintenance of gametophyte seedlings under controlled environmental conditions in a 

nursery for later outplanting on marine farms (i.e., closed life cycle cultivation), is a viable 

approach for commercial production of red seaweeds (Oliveira et al. 2000, Wang et al. 

2020). For Asparagopsis, key benefits of this method include the ability to obtain large 
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numbers of tetraspores for seeding throughout the year (Chapter 3/Mihaila et al. (2023a)), 

as well as enabling the selection of cultivars with desirable traits (Hwang et al. 2019), such 

as improved tolerance to environmental stressors (Yan et al. 2010) or high bromoform 

content, the primary anti-methanogenic compound in Asparagopsis (Levy et al. 1990, Paul 

et al. 2006, Machado et al. 2016a, Glasson et al. 2022). 

The induction phase of closed life cycle cultivation involving the mass production and 

release of viable tetraspores can be achieved year-round by exposing domesticated 

tetrasporophytes of A. armata to 18 °C, 15 µmol photons m-2 s-1, and 3.5 mg N L-1 under an 

8 h L:16 h D (Light:Dark) photoperiod (Chapter 3/Mihaila et al. (2023a)). This method 

provides a reliable and consistent supply of tetraspores within two weeks (>10 million 

tetraspores per 100 g FW of tetrasporophyte biomass) for transfer to the nursery phase 

where germinated gametophyte seedlings are maintained until they are large and resilient 

enough for outplanting. The manipulation of environmental conditions to maximise the 

development and growth of gametophytes is essential for achieving successful nursery 

production of seaweeds and optimum conditions must be established for each target 

species (Oliveira et al. 2000, Matinfar et al. 2013, Jeliani et al. 2018, Roleda and Hurd 2019). 

Minimising the time required for gametophyte development is also important for 

decreasing the costs associated with nursery production, such as ongoing light, water, and 

nutrient requirements and personnel cost (Camus and Buschmann 2017, Boderskov et al. 

2021a). To date, no studies have investigated the effect of environmental factors on the 

early life stages of A. armata, and this is an important research gap to close to enable the 

commercial production of this species through closed life cycle cultivation (Zhu et al. 2021). 

Temperature, irradiance, and photoperiod are fundamental factors controlling 

growth during the early life stages of seaweeds and should therefore be considered in the 
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development and optimisation of Asparagopsis nursery production. Asparagopsis armata is 

found endemically throughout the Indo-Pacific region (Bonin and Hawkes 1987, Santelices 

1989, Mihaila et al. 2023b) and invasively in the northern hemisphere (Guiry and Dawes 

1992) and can be observed at depths ranging from 3–25 m (Zanolla et al. 2022), indicating 

the broad tolerance of this species to environmental conditions. However, natural 

gametophyte abundance is also highly seasonal with this life stage often only present during 

certain times throughout the year, such as from late winter to late spring in New Zealand 

(Bonin and Hawkes 1987, Mihaila et al. 2023b) and late spring to early summer in the Azores 

Islands (Neto 2000, Neto 2001). On northern New Zealand coasts, immature gametophytes 

of A. armata are present in late winter (Bonin and Hawkes 1987, Mihaila et al. 2023b) during 

short photoperiods (~10 h L:14 h D photoperiod) and at the lowest temperatures for the 

area (14–15 °C) (Sunrise and sunset 2020, Sea Temperature Info 2022). These observations 

suggest that lower temperatures and reduced photoperiod and irradiance will be optimal 

for nursery cultivation of this life stage.  

Nutrient concentration is another key consideration for the development of A. 

armata nursery production (Oliveira et al. 2000, Hurd 2017). The addition of sufficient 

nutrients is essential for obtaining maximum growth rates under nursery conditions (Roleda 

and Hurd 2019). However, while higher nutrient concentrations are generally more 

favourable for growth (Morelissen et al. 2013), over supplementation can become inhibitory 

or cause high levels of fouling (Amsler and Neushul 1989). This is especially critical to avoid 

during the early stages of development when individuals are less resilient and more likely to 

be outcompeted by epiphytic organisms (Vadas et al. 1992, Kerrison et al. 2016). Water flow 

is also an important driver of seaweed production as it increases nutrient uptake and gas 

exchange by reducing the thickness of the diffusion boundary layer (Gerard 1982, Hurd 
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2017, Roleda and Hurd 2019). It is widely acknowledged that seaweed growth increases 

with water flow when this is applied at moderate levels (Gerard and Mann 1979, Hurd 2000, 

2017). Nevertheless, the influence of water flow on the early development of gametophytes 

of A. armata remains unknown. 

The present study therefore aimed to identify the optimal conditions for maximising 

the production of juvenile gametophytes during the nursery phase of A. armata. To do this 

we examined interactive effects of fundamental environmental factors on gametophyte 

development and growth across two fully crossed laboratory-based experiments, testing (1) 

the effects of temperature, irradiance, and photoperiod, and (2) the effects of nutrient 

concentration and water flow. The length and developmental stage of gametophytes was 

quantified after one, two, and three weeks of exposure to the conditions tested during each 

experiment. These results provide essential baseline information crucial for larger-scale and 

system-specific studies, thereby laying the foundation for establishing and optimising 

nursery production to support the development of A. armata aquaculture. 
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4.3. Materials and methods 

4.3.1. Sample collection and induction of tetrasporogenesis 

Tetraspores used in the experiments were obtained by inducing tetrasporogenesis in 

domesticated tetrasporophyte stock cultures as described in (Chapter 3/Mihaila et al. 

(2023a)). Briefly, tetrasporophytes were scaled up from released carpospores obtained from 

cystocarpic gametophytes collected by hand from Mathesons Bay, Leigh, New Zealand 

(36.31°S, 174.80°E) in August 2020. The tetrasporophyte stock cultures were maintained in a 

temperature and light controlled room (18 °C, ~15 µmol photons m-2 s-1, 12 h light:12 h dark 

(L:D)) with nutrient enriched (3.5 mg nitrogen (N) L-1 and 0.3 mg phosphorus (P) L-1 (F/8), 

Varicon Aqua, Cell-Hi F2P) autoclaved filtered seawater (AFSW) that was changed weekly. To 

induce tetrasporogenesis, ten individual tetrasporophytes from the stock cultures were 

fragmented into 0.5–0.6 mm length filaments using a homogenizer (Omni, GLH 850) (de Nys 

et al. 2023). Ten subsamples of approximately 100 filaments per subsample were 

transferred into individual Petri dishes (90 x 20 mm, LabServ, LBS60016) filled to 50 mL with 

AFSW with nutrients added at a concentration of F/8. Dishes were placed in an 

environmental control cabinet (Panasonic, MLR-352) set at 18 °C and 15 μmol photons m-2 s-

1 with a photoperiod of 8 h L: 16 h D (inducing conditions (Chapter 3/Mihaila et al. (2023a)). 

After 14 days, filaments were visually inspected using a stereomicroscope (Olympus SZX2-

ILLTQ) to confirm the presence of tetrasporangia. Dishes were returned back to the cabinet 

and maintained under inducing conditions for a further seven days to allow for 

tetrasporogenesis and subsequent tetraspore release to increase (Chapter 3/Mihaila et al. 

(2023a)). Water changes were carried out weekly.  
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4.3.2. Experiment one: effect of temperature, irradiance, and photoperiod 

To determine the effect of temperature, irradiance, and photoperiod on the 

development and growth of juvenile gametophytes, previously prepared reproductive 

tetrasporophyte filaments (Section 4.3.1) were combined and carefully transferred into a 

plastic tray lined with 60 pre-cleaned (Decon-90 and 10% hydrochloric acid (Kerrison et al. 

2016)) microscope slides fully immersed in AFSW. Nutrients were added at a concentration 

of F/8 and the tray containing the slides and filaments was placed back under inducing 

conditions. After 36 h, the density of settled tetraspores on the slides was determined by 

counting the total number of settled tetraspores on each slide. The density was then 

adjusted to 20 (± 5) spores per slide if needed by gently removing individuals using a 

disposable pipette. This density was selected to minimise overlapping of gametophyte 

branches and allow space for accurate growth measurements over a three-week period. 

Seeded slides were placed into individual Petri dishes (90 x 20 mm) filled to 50 mL with 

nutrient enriched (F/8) AFSW and transferred into environmental control cabinets set at 

either 15 °C, 18 °C, or 21 °C with 15 μmol photons m-2 s-1 and photoperiods of 12 h L:12 h D 

or 8 h L:16 h D. Dishes were placed at the back and front of the culture cabinets opposite 

the light source where light measurements (LI-COR, LI-1500) confirmed average irradiances 

of 15 and 30 μmol photons m-2 s-1, respectively. This resulted in 12 different treatment 

combinations (three temperatures, two photoperiods, two irradiances) in a fully factorial 

design (n = 5 for each treatment combination). Treatments were maintained under 

experimental conditions for three weeks and water changes were carried out weekly. Each 

week, the size (total length of all branches, Appendix 3) and stage of curled inward branch 

development (not-developed (ND), started to develop (SD), or well-developed (WD) curled 

inward branches, Figure 4.1) of ten randomly selected gametophytes per slide was 
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quantified using an inverted microscope (Olympus CKX53) and the Olympus CellSens Entry 

Software (ver. 2.3). In pilot experiments growth rapidly increased once gametophytes 

reached the stage of WD curled inward branches (Figure 4.1), therefore we chose this 

feature as a metric for gametophyte development.   

 

 
Figure 4.1 Different stages of early juvenile gametophyte development: (A) two days post-
germination, (B) curled inward branches not-developed (ND) (five days old), (C) curled inward 
branches started to develop (SD) (seven days old), and (D) curled inward branches well-developed 
(WD) (nine days old). Gametophytes were cultured at 18 °C, 15 μmol photons m-2 s-1 and 12 h L:12 h 
D with nutrients added at F/8. Scale bar (A)–(C) = 100 μm, (D) = 250 μm. 
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4.3.3. Experiment two: effect of nutrient concentration and water flow 

To determine the effect of nutrient concentration (F/8 vs. F/4) and water flow (static 

vs. flow) on the development and growth of juvenile gametophytes, previously prepared 

reproductive tetrasporophyte filaments (Section 4.3.1) were combined and carefully 

transferred into a plastic tray lined with 20 pre-cleaned microscope slides well-immersed in 

nutrient enriched (F/8) AFSW. Slide seeding and spore density determination and 

adjustment proceeded as described in Section 4.3.2. For static treatments, half of the 

seeded slides were placed in the centre of individual 5 L pre-cleaned clear plastic containers 

(550 mm length (L) x 300 width (W) x 105 height (H)) filled to 3.5 L with AFSW with nutrients 

added at concentrations of either F/8 (3.5 mg N L-1 and 0.3 mg P L-1) or F/4 (7.0 mg N L-1 and 

0.6 mg P L-1). For flow treatments, the remaining seeded slides were each placed into 

individual recirculating flow systems to create water current with a total volume of 3.5 L and 

nutrients added at either F/8 or F/4 (n = 5 for each treatment, Appendix 4). In each separate 

flow system, water was pumped (Aqua One Maxi Powerhead 102) through a pipe (280 mm L 

x 13 mm diameter (D)) fitted with a stop valve for controlling flow rate and dispersed 

through a fitted pipe (120 mm L x 5 mm D) that flowed directly into each individual 250 mL 

pre-cleaned clear plastic container (100 mm L x 65 mm W x 60 mm H). Single drainage holes 

(6 mm Ø) were drilled into the containers to maintain the water level at 130 mL. Drainage 

holes were fitted with pipes (280 mm L x 5 mm D) so that outflow water would drain into 

the sump (3.5 L per system) located underneath to ensure adequate flow-through exchange. 

The flow rate of each system was measured at 0.6 L min –1 (i.e., 4.6 volumes exchanged min-

1 per treatment container). The static containers and recirculating flow systems were placed 

in environmental control cabinets set at 18 °C and 15 μmol photons m-2 s-1 with a 

photoperiod of 12 h L:12 h D (based on temperature, irradiance and photoperiod conditions 
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that led to the best development and growth in the previous experiment, Section 4.3.2). 

Treatments were maintained under experimental conditions for three weeks and water 

changes were carried out weekly. Each week, the size and stage of curled inward branch 

development (Figure 4.1) of ten randomly selected gametophytes per slide was quantified 

as described in Section 4.3.2. However, due to the presence of multiple determinate 

branches and overlapping of indeterminate branches in gametophytes observed during 

experiment one, the size measurement of gametophytes was changed to the combined 

total length of determinate branches only instead of the combined total length of all 

branches (Appendix 3). As no addition of CO2 or aeration was included, pH was measured at 

8am, 12pm, and 4pm for the last five days of the experiment to assess if photosynthesis 

driven changes in pH could lead to carbon limitation under the experimental conditions.  
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4.3.4. Statistical analyses 

Three-factor permutational analysis of variance (PERMANOVA) was used to compare 

the effect of temperature, irradiance, and photoperiod (fixed factors) on the size (length, 

mm) of gametophytes and proportion (%) of gametophytes with WD curled inward 

branches after one, two, and three weeks (separate analyses) of exposure to experimental 

conditions. Two-factor PERMANOVA was used to compare the effect of nutrient 

concentration and water flow (fixed factors) on the size of gametophytes and proportion (%) 

of gametophytes with WD curled inward branches after one, two, and three weeks 

(separate analyses) of exposure to experimental conditions. Data for each week was 

analysed separately to identify the best treatment combination at each individual time 

point, rather than measuring differences over time. PERMANOVAs were run using Euclidean 

distance resemblance matrices, 9,999 unrestricted permutations of raw data, and Type III 

sum of squares (Anderson et al. 2008). Pair-wise a posteriori comparisons were carried out 

using PERMANVOA if a significant difference (P ≤0.05) was detected. . Eta-squared (%) ɳ2 = 

SSfactor / SStotal x 100; with SSfactor being the sum of squares of a particular factor and SStotal 

being the total sum of squares, was calculated to determine the proportion of the total 

variation in the size of gametophytes that was associated with each factor (temperature, 

irradiance, photoperiod, nutrient concentration, and water flow) (Richardson 2011). All 

statistical analyses were conducted using PRIMER ver.7 (Primer-E., UK). All data is reported 

as mean ± standard error (SE); n = 5.  
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4.4. Results 

4.4.1. Experiment one: effect of temperature, irradiance, and photoperiod 

The total branch length of gametophytes (combined total length of all branches, 

Appendix 3) ranged from 0.2 ± 0.0 to 0.6 ± 0.2 mm during week one, 1.5 ± 0.2 to 4.7 ± 0.7 

mm during week two, and 3.7 ± 0.6 to 14.5 ± 2.1 mm during week three across all 

treatments (Figures 4.2A and 4.2B). The most important factor explaining the variability in 

the length of gametophytes during week one was photoperiod (Table 4.1) with the average 

length of gametophytes in the 12 h L:12 h D treatments (0.5 ± 0.1 mm) being almost double 

that of gametophytes in the 8 h L:16 h D treatments (0.3 ± 0.0 mm) across all temperatures 

and irradiances (P <0.001, Figures 4.2A and 4.2B). Temperature also had a significant effect 

during week one (Table 4.1) with gametophyte lengths approximately 50 and 14% larger in 

18 °C treatments compared to 15 °C treatments when cultured under 12 h L:12 h D and 8 h 

L:16 h D photoperiods, respectively (P = 0.022, Figures 4.2A and 4.2B).  

There was a significant interactive effect of temperature and photoperiod on the 

length of gametophytes during week two (Table 4.1). However, temperature explained 

almost 50% of the variability in the length of gametophytes during week two and was the 

strongest driver of variability, followed by photoperiod (Table 4.1). Notably, gametophyte 

lengths were approximately 90% larger in 18 °C treatments compared to 15 and 21 °C 

treatments only when cultured under a 12 h L:12 h D photoperiod (P <0.001, Figures 4.2A 

and 4.2B). Increasing the photoperiod from 8 h L:16 h D to 12 h L:12 h D in 18 °C treatments 

also resulted in a 2.3-fold increase in gametophyte lengths (P <0.001). There was no effect 

of irradiance on the length of gametophytes during week one or two. 
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There was a significant interactive effect between photoperiod, temperature, and 

irradiance on the length of gametophytes during week three (Table 4.1). The most 

important factor explaining the variability in the length of gametophytes during week three 

was temperature explaining nearly 60% of the variance, followed by photoperiod and the 

interaction between temperature and photoperiod (T x L:D) and temperature and irradiance 

(Te x Ir) (Table 4.1). Gametophyte lengths in 15 and 18 °C treatments were approximately 

double those in 21 °C treatments during week three across both photoperiods (P <0.001, 

Figures 4.2A and 4.2B). Longer day photoperiods also resulted in significantly larger and 

more variable lengths in 15 and 18 °C treatments (P <0.001), ranging from 8.9 ± 0.7 (15 °C) 

to 9.8 ± 1.6 mm (18 °C) (30 μmol photons m-2 s-1) and 12.2 ± 1.0 (15 °C) to 14.5 ± 2.0 mm (18 

°C) (15 μmol photons m-2 s-1). Decreasing the irradiance from 30 μmol photons m-2 s-1 to 15 

μmol photons m-2 s-1 increased gametophyte lengths by approximately 45% across all 

temperatures but only when cultured under a 12 h L:12 h D photoperiod (P <0.001, Figures 

4.2A and 4.2B). There were also visually higher levels of contamination in 30 μmol photons 

m-2 s-1 treatments compared to 15 μmol photons m-2 s-1 treatments across all temperatures 

and 12 h L:12 h D photoperiods (Appendix 5).
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Table 4.1 Results of permutational analysis of variance (PERMANOVA) testing the effect of temperature (Te), irradiance (Ir), and photoperiod (L:D) on the 
total branch length and proportion (%) of gametophytes with well-developed (WD) curled inward branches after one, two, and three weeks of cultivation 
under different treatments (experiment one). No analyses were run for proportions of gametophytes with WD branches for week three as all treatments 
had 100% WD branches. F-statistics (F), the significance level (P) with significant effects in bold, and the eta-squared value (ɳ2, % of variance) as a measure 
of effect size are reported, n = 5. 

 Total branch length % with WD curled inward branches 

Source df 
Week one  Week two  Week three Week one Week two 
F P ɳ2 F P ɳ2 F P ɳ2 F P ɳ2 F P ɳ2 

Te 2 4.10 0.022 16.87 35.02 <0.001 45.41 81.71 <0.001 58.65 1.49 0.235 3.89 2.47 0.095 14.43 
Ir 1 1.29 0.261 2.66 2.39 0.129 1.55 12.81 <0.001 4.60 3.05 0.087 4.00 9.53 0.003 27.84 
L:D 1 32.60 <0.001 67.13 54.96 <0.001 35.63 53.88 <0.001 19.34 60.61 <0.001 79.11 5.76 0.020 16.84 
Te x Ir 2 0.62 0.543 2.55 0.11 0.897 0.14 1.01 0.371 0.73 0.68 0.511 1.78 2.47 0.096 14.43 
Te x L:D 2 1.78 0.180 7.33 11.28 <0.001 14.62 11.01 <0.001 7.90 2.25 0.117 5.87 0.82 0.445 9.15 
Te x Ir x L:D 1 0.05 0.818 0.11 0.31 0.582 0.20 19.92 <0.001 7.15 0.45 0.505 0.59 5.76 0.020 16.82 
Residuals 48                
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Figure 4.2 Mean (± SE) total branch length (mm) of juvenile gametophytes after one, two, and three 
weeks of cultivation under three temperature treatments, 15 (filled lines) or 30 μmol photons m-2 s-1 

(dotted lines), and (A) 12 h L:12 h D and (B) 8 h L:16 h D photoperiods (n = 5) (experiment one). 
 

The proportion of juvenile gametophytes with WD curled inward branches ranged from 8 ± 

1 to 72 ± 2.4% during week one, 92 ± 1 to 100 ± 0% during week two, and by week three all 

juvenile gametophytes had WD curled inward branches across all treatments (Figures 4.3A 

and 4.3B). Photoperiod was the most important driver during week one explaining almost 

90% of the variability (Table 4.1). Gametophytes were significantly less developed under 

shorter day photoperiods during week one with higher proportions of gametophytes with 

curled inward branches either not yet developed or starting to develop (Figures 4.3A and 

4.3B). Correspondingly, the proportion of gametophytes with WD curled inward branches 

were on average 3.6-fold greater in 12 h L:12 h D treatments compared to 8 h L:16 h D 

treatments during week one (Table 4.1, Figures 4.4A and 4.4B). There was no significant 

effect of irradiance or temperature during week one, although the 18 °C treatments had the 

highest proportion of gametophytes with WD curled inward branches averaging at 

approximately 70% across both irradiances (12 h L:12 h D) (Figures 4.3A and 4.3B). There 

was a small yet significant interactive effect between photoperiod and irradiance during 

week two; however, irradiance was the most important driver explaining nearly 30% of the 
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variation (Table 4.1). Gametophytes were slightly less developed (<7% without WD curled 

inward branches) in shorter day photoperiod treatments but only when cultured at 15 μmol 

photons m-2 s -1 (Figures 4.3A and 4.3B). By week two, there were high proportions (>90%) 

of gametophytes with WD curled inward branches across all treatments. 

 

Figure 4.3 Mean (± SE) proportion (%) of 
juvenile gametophytes that had not-
developed (ND), started-developing (SD), 
or well-developed (WD) curled inward 
branches after one, two, and three 
weeks of cultivation under three 
temperature treatments, 15 (filled bars) 
and 30 μmol photons m-2 s-1 (dashed 
bars, and (A) 12 h L:12 h D and (B) 8 h 
L:16 h D photoperiods (n = 5) 
(experiment one). 
 
 
 
 
 
 
 
 
 

 
 

4.4.2. Experiment two: effect of nutrient concentration and water flow 

The total branch length of juvenile gametophytes (combined total length of 

determinate branches only, Appendix 3) ranged from 0.2 ± 0.0 to 0.3 ± 0.0 mm during week 

one, 1.0 ± 0.1 to 1.5 ± 0.1 mm during week two, and 3.7 ± 0.5 to 6.5 ± 0.6 mm during week 

three across all treatments (Figure 4.4). There was a significant interactive effect of flow and 

nutrients on the length of gametophytes during week one and this interaction explained 

almost 90% of the variability (Table 4.2). During week one, gametophyte lengths in static 
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treatments were 23% larger than in flow treatments when cultured at F/8 (P = 0.035), 

whereas lengths were similar across static and flow treatments when cultured at F/4 (Figure 

4.4). There was a marked effect of flow on the length of gametophytes during week two and 

three of the experiment, and flow explained almost 100% of the variation during both of 

these weeks (Table 4.2). Flow conditions resulted in a 1.5-fold and 1.8-fold increase in 

gametophyte lengths across both nutrient treatments during week two and three, 

respectively (P <0.001, Figure 4.4). There were also clear morphological differences between 

gametophytes cultured under static or flow conditions after three weeks: static-cultured 

gametophytes typically only comprised a single determinate branch, whereas flow-cultured 

gametophytes tended to comprise multiple (3–4) determinate branches. In contrast, 

nutrients had no effect on the length of gametophytes during week two or three. By the end 

of the experiment, both flow treatments (F/8 and F/4) had the largest gametophyte lengths 

averaging at 6.4 ± 0.4 mm (Figure 4.4). However, F/4 treatments had notably higher levels of 

contamination on the slides compared to F/8 treatments and this was observed under both 

static and flow conditions (Appendix 6), although this did not appear to affect the growth or 

condition of the algae.
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Table 4.2 Results of permutational analysis of variance (PERMANOVA) testing the effect of nutrient concentration and water flow on the total branch length 
and proportion (%) of gametophytes with well-developed (WD) curled inward branches after one, two, and three weeks of cultivation under different 
treatments (experiment two). No analyses were run for proportions of gametophytes with WD curled inward branches for week two and three as all 
treatments had 100% WD branches. F-statistics (F), the significance level (P) with significant effects in bold, and the eta-squared value (ɳ2, % of variance) as 
a measure of effect size are reported, n = 5. 

 Total branch length % with WD curled 
inward branches 

Source df 
Week one  Week two  Week three Week one 
F P ɳ2 F P ɳ2 F P ɳ2 F P ɳ2 

Nutrients 1 0.49 0.490 4.08 0.05 0.823 0.10 0.91 0.355 1.33 4.92 0.041 23.53 
Flow 1 1.08 0.314 8.81 52.49 <0.001 99.81 66.71 <0.001 98.29 4.92 0.041 23.53 
Nutrients x 
Flow 1 10.64 0.005 87.11 0.05 0.827 0.09 0.25 0.622 0.37 11.10 0.004 52.94 

Residuals 16             
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Figure 4.4 Mean (± SE) total determinate 
branch length (mm) of juvenile 
gametophytes after one, two, and three 
weeks of cultivation at high (F/4) and 
low (F/8) nutrient treatments under flow 
(filled lines) and static (dotted lines) 
conditions (n = 5) (experiment two). 
 
 
 
 
 

 
 

The proportion of juvenile gametophytes with WD curled inward branches ranged 

from 42 ± 10 to 82 ± 5% during week one, and by week two all juvenile gametophytes had 

WD curled inward branches across all treatments (Figure 4.5). There was a significant 

interactive effect of flow and nutrients on the proportion of juvenile gametophytes with WD 

curled inward branches during week one and this explained approximately 50% of the 

variance (Table 4.2). Flow F/4, static F/4, and static F/8 treatments had almost double the 

proportion of juvenile gametophytes with WD curled inward branches (74–82%) compared 

to flow F/8 treatments (42%) (P = 0.006, Figure 4.5). Correspondingly, flow F/8 nutrient 

treatments had higher proportions of juvenile gametophytes with curled inward branches 

either not yet developed or just starting to develop compared all other treatments during 

week one (Figure 4.5).  
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Figure 4.5 Mean (± SE) proportion (%) 
of juvenile gametophytes with not-
developed (ND), started to develop 
(SD), and well-developed (WD) curled 
inward branches after one, two, and 
three weeks of cultivation at high 
(F/4) and low (F/8) nutrient 
treatments under flow (filled bars) 
and static (dashed bars) conditions (n 
= 5) (experiment two). 
 
 

 
 

The pH steadily increased during the last five days of week three (day 17–21) across 

all treatments (Figure 4.6). The pH was generally higher in flow treatments compared to 

static treatments. However, by the end of the experiment, flow F/8, flow F/4, and static F/4 

treatments all had a similar pH near 8.3. The pH was consistently lowest in static F/8 

treatments and was on average 0.2 units lower compared to the other treatments during 

the last five days.  

 

Figure 4.6 pH measurements taken at 
different time points from F/4 and F/8 
nutrient treatments under flow (filled 
lines) and static (dotted lines) 
conditions (n = 5) during the last five 
days (day 17–21) of experiment two. 
No pH data is available for 12pm or 
4pm on day 21 as the experiment 
ended and length and development 
measurements were carried out on 
this day. 
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4.5. Discussion 

This study is the first to provide a foundation for understanding the effects of 

fundamental environmental factors on the development and growth of the early life stages 

of A. armata and identifies conditions for maximising the production of gametophytes 

during the nursery phase. During experiment one, temperature, photoperiod, and irradiance 

separately and interactively affected the development and growth of juvenile 

gametophytes. Photoperiod had the greatest effect on growth during the initial stages of 

early development (week one), whereas temperature was the strongest driver of growth 

during the later stages of early development (week two and three). Gametophytes 

developed rapidly and were consistently largest when cultured at 18 °C under a 12 h L:12 h 

D photoperiod, with this combination of conditions resulting in over double the length of 

gametophytes compared to all 8 h L:16 h D treatments during week two and three. 

Gametophytes also grew well at 15 °C under a 12 h L:12 h D photoperiod, but lengths were 

10–20% shorter throughout the experiment compared to 18 °C under the same 

photoperiod. Seaweed growth typically increases with increasing temperature up to a 

certain limit depending on the thermal tolerance of the species (Eggert 2012, Singh and 

Singh 2015). During week one and two, gametophyte lengths in 21 °C treatments were 

within the range of those in the remaining temperature treatments. However, by week 

three, both development and growth were greatly reduced in gametophytes cultured at 21 

°C across all treatment combinations. These laboratory results are consistent with an in situ 

phenological study in New Zealand demonstrating possible negative effects of prolonged 

heat stress (≥21 °C) on survival and reproduction in mature gametophytes (Chapter 

2/Mihaila et al. (2023b)). Together, these studies strongly support an upper thermal 

tolerance of 21 °C in this population of A. armata. The average sea surface temperature 
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along the northeast coast of the North Island (the collection region) repeatedly exceeded 21 

°C during austral summer–autumn in 2022 (Sea Temperature Info 2022), with projections 

indicating general increases in sea surface temperature and marine heatwave occurrence 

(Oliver et al. 2018). It is therefore recommended that spore induction and subsequent 

seeding for A. armata in this region (Chapter 3/Mihaila et al. (2023a)) are carried out earlier 

in the year to enable outplanting during austral winter–spring, thereby maximising growth 

and reducing the risk of in-ocean gametophyte farming in a warming ocean.  

Juvenile gametophytes exhibited the highest growth when cultured under the 12 h 

L:12 h D photoperiod in the current study. This is slightly higher than the ambient 

photoperiod when juvenile gametophytes are present at the collection site of our strain (10 

h L:14 h D–11 h L: 13 h D) (Bonin and Hawkes 1987, Mihaila et al. 2023b). Moreover, the 

best performing temperature (18 °C) was also above the ambient sea temperature when 

juvenile gametophytes are present at the collection site (14–15 °C) (Bonin and Hawkes 

1987, Mihaila et al. 2023b). Released tetraspores in this study were obtained from 

tetrasporophytes that had been maintained under 18 °C and 12 h L:12 h D for 18 months, 

and therefore may have acclimated to optimal growth under these conditions. This result 

infers that optimal conditions for growth of juvenile gametophytes may correspond to the 

long-term cultivation conditions of the parental tetrasporophytes. This outcome is worth 

investigating further since it would make it possible to pre-determine the optimum 

temperature of gametophytes to correspond with the ambient temperature expected 

during outplanting, which may improve survival and growth after outplanting. Nevertheless, 

based on the present findings using laboratory-induced tetraspores from our domesticated 

tetrasporophyte cultures, 18 °C and 12 h L:12 h D are recommended as the optimal 

temperature and photoperiod for maximising nursery production of A. armata. However, 
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we acknowledge that optimal temperatures may differ in other strains of A. armata 

depending on the previous environmental history of tetrasporophytes used for nursery 

production (Hurd et al. 2014). In future, it would be useful to investigate whether nursery-

raised gametophytes can be thermally primed by raising the maintenance temperature of 

tetrasporophyte stock cultures as this would extend the production season and help to 

future-proof the aquaculture industry against climate change (Wang et al. 2017, Quigley 

2018, Jueterbock et al. 2021).  

Gametophytes in natural populations of A. armata in New Zealand are highly 

seasonal and have relatively narrow temperature and photoperiod windows corresponding 

to spring conditions (Bonin and Hawkes 1987, Mihaila et al. 2023b). In terms of irradiance, 

however, gametophytes exhibit a broad tolerance in nature and are observed at various 

depths ranging from the upper subtidal to 25 m deep (Shears and Babcock 2007, Zanolla et 

al. 2022). Therefore, it follows that irradiance was a less significant driver of development 

and growth during the early life stages of A. armata compared to temperature and 

photoperiod in this study. Nonetheless, irradiance is still an important consideration for 

nursery development, exerting a significant interactive effect with temperature and 

photoperiod in the later stages of early development. By week three, gametophytes in 

lower irradiance treatments (15 µmol photons m-2 s-1) were on average 30% larger than 

those in higher irradiance treatments (30 µmol photons m-2 s-1) when cultured at 15 and 18 

°C under the optimal photoperiod (12 h L:12 h D). The irradiance favoured by A. armata was 

lower than the recommended irradiances for the early life stages of the red seaweeds 

Gracilaria (20–40 µmol photons m-2 s-1) (Redmond et al. 2014) and Porphyra (25–50 photons 

m-2 s-1) (Sahoo and Yarish 2005). These differences could have been caused by differing light 

attenuation, given that the recommendations for Gracilaria and Porphyra were based on 
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large-scale nursery production in tanks (Sahoo and Yarish 2005, Redmond et al. 2014), 

whereas experiment one was conducted in petri dishes. The specific light requirements for 

the early life stages of gametophytes will ultimately depend on the scale of cultures, but 

importantly, based on our results, the optimal irradiance for larger-scale cultures of A. 

armata is likely to be at the lower end of the spectrum of what is recommended for other 

red seaweeds. 

Contamination levels need to be considered to ensure successful nursery production 

as the early life stages of seaweeds are more vulnerable to being outcompeted by fouling 

organisms (Lüning and Pang 2003, Kim et al. 2017), which would lead to ineffective nursery 

production. After three weeks in culture, we observed visibly higher levels of contamination 

in high irradiance treatments compared to low irradiance treatments. Moreover, we have 

previously observed discoloration of juvenile gametophytes and high levels of 

contamination under higher irradiances (30–40 µmol photons m-2 s-1) during trials 

conducted in aerated rope-seeded cultures and larger tank-based systems (A. Mihaila, 

Unpublished results, 2022). Increased contamination under higher irradiances has also been 

reported in nursery optimisation studies for kelps, including Saccharina japonica (Su et al. 

2017), Ecklonia radiata and Macrocystis pyrifera (Visch et al. 2023). Collectively, these 

findings strongly support culturing the early life stages of A. armata at lower irradiances of 

or near 15 µmol photons m-2 s-1, depending on the scale of the cultures, to help reduce 

contamination levels.  

Growth of gametophytes markedly improved under flow conditions during 

experiment two which is consistent with reported findings for kelps (Camus and Buschmann 

2017) and other commercially important red seaweeds, including Gracilaria (DeBusk and 

Ryther 1984, Gonen et al. 1993) and Kappaphycus spp. (Glenn and Doty 1992). This was 
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excepted as water flow is known to improve nutrient uptake through its minimising effect 

on the diffusion boundary layer where nutrients are exchanged (Hurd 2000, 2017). 

Gametophytes also developed rapidly across all flow treatments with the exception of 

relatively slower initial development in flow F/8 treatments during week one, although this 

did not significantly impact growth later in the experiment. The benefit of water flow only 

became evident during the second week of culture, suggesting that water flow during the 

first week of culture may not be necessary for obtaining optimal gametophyte lengths by 

the end of the nursery period. This possibility is worth investigating as it could lead to a 

reduction in the use of water flow which in turn would lower the overall cost of nursery 

production (Redmond et al. 2014, Camus and Buschmann 2017). Moderate flow rates are 

generally considered optimal for seaweed growth since these promote the breakdown of 

diffusion boundary layers compared to low flow rates (Hurd 2000, Peteiro and Freire 2011, 

Hurd et al. 2014), whereas high flow rates can have less or no positive effect on seaweed 

growth and begin to cause stress rather than promote growth (Gerard and Mann 1979, 

Peteiro and Freire 2011, Kregting et al. 2016, Roleda and Hurd 2019). For example, the 

growth rate of Undaria pinnatifida seedlings increased with increasing water velocity up to 

16.1 cm s-1, beyond which the growth rate declined (Peteiro et al. 2019). Optimal water flow 

for seaweed growth is species-specific and may also vary between individual systems (e.g., 

small- and large-scale systems) and with stocking density (Hurd 2000, Stewart and 

Carpenter 2003, Caines et al. 2014). Therefore, the effect of water flow will need to be 

further examined for A. armata. Our findings, based on a flow rate of 0.6 L min-1, provide a 

standard against which results from future water flow optimisation studies for A. armata 

can be compared.  
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Nutrient concentration and water flow often interactively affect seaweed 

productivity due to the regulating effect of water flow on nutrient uptake (Hurd 2017, 

Roleda and Hurd 2019). However, gametophytes in high and low nutrient treatments had 

similar lengths throughout the experiment regardless of whether these were cultured under 

flow or static conditions. This implies that nutrient concentrations were not limiting in this 

study, although how this result translates to a larger-scale nursery setting would be 

determined by the stocking density. Similar to higher irradiances, increases in nutrient 

concentration can promote the growth of undesirable epiphytes during the nursery phase 

and this should be avoided or kept to a minimum (Harrison and Hurd 2001, Behera et al. 

2022). By week three, both static and flow F/4 treatments had notable levels of 

contamination on the slides; however, this did not seem to impact the growth of 

gametophytes. While we undertook significant preventative measures and used clean 

tetrasporophyte stock cultures during seeding to prevent the development of epiphytic 

contaminants, we cannot rule out the possibility of fouling originating from when the slides 

were initially seeded. Higher pH measurements in static F/4 treatments compared to static 

F/8 treatments may also be partly explained by differences in the level of contamination 

(i.e., the fouling community was phototrophic rather than heterotrophic). Nutrient 

concentrations should therefore be limited due to their high cost and the risk of increased 

fouling, which could impact gametophyte growth at later stages of development after 

outplanting.  

It is important to highlight that while gametophytes cultured under flow and static 

conditions were similar with respect to the length of the longest branch after three weeks 

(3.5–4 mm), overall biomass production in flow treatments was well above that in static 

treatments. This was because static-cultured gametophytes consisted of one or two 
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determinate branches whereas flow-cultured gametophytes consisted of several 

determinate branches (Figure S4), and thus were almost twice the combined total branch 

length of static-cultured gametophytes. The pH during the last five days in culture was also 

higher in flow treatments due to more biomass photosynthesising. Utilising a flow system 

can nearly double the biomass production per gametophyte, potentially halving the 

required nursery time. This could double the number of outplantings within the same 

timeframe or achieve the same nursery output at half the cost of human resources. Even 

though gametophytes (with respect to the length of the longest branch) reached 

outplanting size after two weeks based on the recommended outplanting size of kelps 

seeded from spores (1–2 mm after 1–2 months) (Redmond et al. 2014, Forbord et al. 2020) 

and nori (2–3 mm after two months) (Sahoo and Yarish 2005, Redmond et al. 2014), we 

propose conducting outplanting after three weeks in the nursery when gametophytes have 

higher biomass and thus increased resistance to grazing and fouling. That being said, 

outplanting may also be feasible after a two-week nursery period taking into account that 

flow-cultured gametophytes were already significantly branched and had reached a total 

determinate branch length of 1.5 mm after two weeks. Importantly, these nursery periods 

would need to be confirmed with marine farm experiments. 

 

4.6. Conclusion 

This study demonstrates that temperature and water flow are critical drivers for 

successful nursery production of A. armata, with the best development and growth of 

juvenile gametophytes occurring at 18 °C with water flow (0.6 min L-1). A 12 h L:12 h D 

photoperiod was also identified as important for maximising nursery production, having 
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improved growth and development compared to an 8 h L:16 h D photoperiod. In addition, 

our results demonstrate that irradiance and nutrient concentration should be kept at the 

lower end of the spectrum during the nursery phase of A. armata to maximise growth while 

minimising contamination. Optimal irradiance and nutrient dosing will require system-

specific upscaling and should be established according to the nursery setup, starting at low 

levels. Adaptations of the recommendations provided here will be needed on a case-by-case 

basis for large-scale systems typical of commercial situations. Our findings provide a 

fundamental knowledge base for establishing and optimising nursery production to 

facilitate the development of A. armata aquaculture. 
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Chapter 5 

Metabolomic and transcriptomic changes during tetrasporogenesis 

induction of the red seaweed Asparagopsis armata 

 
This chapter is to be submitted for publication in Frontiers of Marine Science as: 

Mihaila, A. A., C. R. K. Glasson, R. J. Lawton R. Huerlimann, and M. Magnusson. 2024. 

Metabolomic and transcriptomic changes during tetrasporogenesis induction of the red 

seaweed Asparagopsis armata.  

 

5.1. Abstract 

The red seaweed Asparagopsis armata, known for its ability to reduce methane 

emissions from enteric fermentation when incorporated as a ruminant feed additive, is a 

key target for aquaculture development. However, despite advancements in this field, there 

remains a critical gap in understanding the internal mechanisms governing reproduction in 

A. armata, as well as seaweeds in general. In this study, we examined metabolomic and 

transcriptomic changes throughout the induction of tetrasporogenesis in A. armata, utilising 

both targeted and untargeted approaches. Key findings included the accumulation of 

several metabolites, notably the eicosanoid precursor arachidonic acid, and high 

upregulation of genes associated with polyamine metabolism, particularly the candidate 

ornithine decarboxylase (ODC) gene previously linked to seaweed reproduction, during the 

lead up to tetrasporogenesis. Pathways related to environmental signalling, carbon 

metabolism, and steroid hormone production also showed significant enrichment 
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throughout the induction of tetrasporogenesis, although a significant portion of the genes 

involved in these pathways have unknown function. These findings collectively offer a 

detailed overview of the processes underlying tetrasporogenesis in A. armata, facilitating 

further targeted investigations into the internal regulation of seaweed reproductive biology.  

 

5.2. Introduction 

Red seaweeds have complex triphasic reproductive cycles that are controlled by a 

combination of environmental and endogenous (molecular and biochemical) factors (Lüning 

and Dieck 1989, de Bettignies et al. 2018). Extensive research has investigated the 

environmental triggers for reproduction, with temperature, light intensity, or their 

combination often implicated in inducing reproductive transitions in red seaweeds (Lüning 

1981, Guiry 1984, Liu et al. 2017, de Bettignies et al. 2018). In contrast, the molecular and 

biochemical mechanisms underlying life cycle control remain largely unexplored for most 

seaweeds, resulting in limited understanding of these internal processes (García-Jiménez 

and Robaina 2015, Liu et al. 2017). In terrestrial plants, research elucidating the internal 

regulators of reproduction has aided in understanding species level responses to climate-

change induced stressors and enabling crop breeders to manipulate targeted reproductive 

traits for improved crop production (Davies 2004, Dwivedi et al. 2008, Iqbal et al. 2017, Yang 

et al. 2021). A deeper understanding of the endogenous controls of life cycle transitions in 

seaweeds, including the associated biochemical pathways and important genes, may deliver 

similar benefits for overcoming reproduction-associated barriers in aquaculture and 

managing the effects of climate change on these ecologically and commercially important 

organisms.  



116 
 

The integration of metabolomic analysis with transcriptomic and/or proteomic data 

is a powerful tool for deciphering the genes and intricate metabolic pathways regulating 

primary metabolic processes, including reproduction (Gupta et al. 2014, Tanna and Mishra 

2018). For instance, a comparative transcriptomic investigation of wild non-reproductive 

and wild reproductive tetrasporophytes of the red seaweed Asparagopsis taxiformis 

identified 44 putative reproduction-associated genes, encoding proteins with enzymatic, 

structural, and transport functions (Patwary 2023). Moreover, transcriptomic analyses of 

the red seaweed Grateloupia imbricata during cystocarp development identified the 

upregulation of the ornithine decarboxylase (ODC) gene, which is involved in polyamine 

biosynthesis (Garcia-Jimenez et al. 2017). Several genes associated with the metabolism of 

jasmonate and ethylene were also identified during cystocarp development (Garcia-Jimenez 

et al. 2018). Omics investigations have highlighted the significance of plant growth 

regulators (PGRs) in seaweed reproduction (Stirk and Van Staden 2014, Garcia-Jimenez and 

Robaina 2017, Uji and Mizuta 2022). Notably, several PGRs, such as 1-aminocyclopropane-1-

carboxylic acid (ACC) (Uji et al. 2020), ethylene (García-Jiménez and Robaina 2012) and 

methyl jasmonate (MeJa) (Pilar et al. 2016), have been linked to reproduction in red 

seaweeds. In certain cases, the exogenous application of PGRs significantly improved 

reproductive output and/or reduced maturation periods of reproductive structures (Stirk 

and Van Staden 2014, Pilar et al. 2016, Liu et al. 2017, Uji et al. 2020). However, there is 

limited understanding regarding the role of PGRs in controlling reproduction in seaweeds, 

and the physiological processes relating these PGRs to reproduction remain elusive (Stirk 

and Van Staden 2014, García-Jiménez and Robaina 2015, Liu et al. 2017). Advancing our 

understanding of this is likely to have benefits for aquaculture, given the noted 

improvements in reproductive processes.  
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The red seaweeds Asparagopsis taxiformis and A. armata (order Bonnemaisoniales) 

have gained scientific and commercial interest due to their capacity to effectively mitigate 

enteric methane emissions from ruminant livestock when included at low levels in their feed 

(Kinley et al. 2020, Roque et al. 2021, Ridoutt et al. 2022). Consequently, these species have 

emerged as targets for aquaculture (Duarte et al. 2017, Hunter 2022, Zanolla et al. 2022). 

Commercial seaweed aquaculture requires a high degree of control over both the 

environmental conditions and endogenous factors regulating reproductive transitions 

(García-Jiménez and Robaina 2015, Charrier et al. 2017). Previous studies have documented 

the induction of tetrasporogenesis in A. armata under an 8 h Light:16 h Dark (L:D) 

photoperiod (Oza 1977, Lüning and Dieck 1989, Guiry and Dawes 1992, Mihaila et al. 

2023a). Recent work also showed that the transition to tetrasporogenesis can be vastly 

improved by exposure to 18 °C for 14 days, 15 µmol photons m-2 s-1, and 3.5 mg nitrogen (N) 

L-1 and 0.3 mg phosphorus (P) L-1 (F/8) (Chapter 3/Mihaila et al. (2023a)). However, unlike 

these environmental factors used for optimal reproductive output, the biochemical and 

molecular factors underpinning reproductive processes in A. armata have not yet been 

examined.  

The ability to effectively induce tetrasporogenesis in cultured A. armata provides an 

excellent opportunity to analyse the biochemical and molecular mechanisms involved in the 

onset of tetrasporogenesis and improve our understanding of this fundamental process. 

Therefore, in the present study, we examined metabolomic and transcriptomic dynamics in 

A. armata at different time points during tetrasporogenesis following induction under the 

aforementioned conditions. We combined targeted and untargeted metabolomic profiling 

with differential gene expression analysis to identify changes in PGR production, related 
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metabolites, and gene expression. These findings represent a first exploration into the 

biochemical pathways and genes involved in tetrasporogenesis of A. armata.  

 

5.3. Materials and methods 

5.3.1. Seaweed collection and cultivation 

Tetrasporophyte cultures of A. armata were established from wild collected 

cystocarpic individuals and have been maintained at the University of Waikato Coastal 

Marine Field Station, New Zealand, since September 2022. Sample transport and 

preparation, including carpospore release and upscaling were carried out as described 

previously (Chapter 3/Mihaila et al. (2023a)). Tetrasporophytes were maintained in 

autoclaved filtered seawater (AFSW) with gentle aeration under the following conditions: 

temperature, 18 °C; irradiance, ~15 µmol photons m-2 s-1; photoperiod, 12 h D:12 h D (L:D); 

and nutrients, 3.5 mg N L-1 and 0.3 mg P L-1 (F/8) (Varicon Aqua, Cell-Hi F2P). The medium 

was changed weekly. 

 

5.3.2. Experimental setup and sample collection 

Ten individual tetrasporophytes were transferred from the tetrasporophyte stock 

cultures into separate 50 mL conical centrifuge tubes containing 25 mL of AFSW. To obtain a 

homogenous mass of filaments, samples were fragmented for 30 sec at 10,000 rpm using a 

laboratory homogeniser equipped with a 10 x 115 mm generator probe with a sawtooth tip 

(Omni GLH 850). This approach has previously been shown to enhance the rate of 

tetrasporogenesis (de Nys et al. 2023). The resulting samples (approximately 0.5 mm length 
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fragments, 200 mg fresh weight (FW) per replicate) were then transferred into individual 2 L 

plastic cylinder containers containing 1.8 L of AFSW with nutrients added at F/8. Samples 

were placed in environmental control cabinets (Panasonic, MLR-352) set at 18 °C and 15 

μmol photons m-2 s-1 with a photoperiod of 12 h L:12 h D, replicating the original 

maintenance conditions. All samples were subject to a seven-day acclimation period under 

maintenance conditions to facilitate recovery from the stress induced by the fragmentation 

process. This allowed filaments to return to a stable physiological state before starting the 

experiment. After seven days, the biomass from each container was strained through a cell 

strainer (100 μm, FisherbrandTM), secured into a 50 mL conical centrifuge tube, and 

centrifuged for 2 min at 685 g to remove excess water. Individual subsamples for Gas 

Chromatography Mass Spectrometry (GC-MS) (50 mg) and RNA-sequencing (RNA-seq) (50 

mg) analyses were then collected from each replicate, denoted as ‘day 0’ samples (n = 10). 

Additionally, extra subsamples for each analysis were collected directly from the stock 

cultures (i.e., non-fragmented), denoted as ‘baseline samples’ (n = 5). Each container was 

then restocked with 150 mg (FW) of the spun biomass and filled with 1.8 L of fresh nutrient 

enriched (F/8) AFSW. Samples were then placed under experimental conditions as described 

below. 

The experimental design comprised of two treatments: control (n = 5) and induction 

(n = 5), as per Chapter 3/Mihaila et al. (2023a). Control treatments were maintained under 

original maintenance conditions, while induction treatments were transferred to a separate 

environmental control cabinet set at 18 °C and 15 μmol photons m-2 s-1 with a photoperiod 

of 8 h L:16 h D to induce tetrasporogenesis (Chapter 3/Mihaila et al. (2023a)). 

Tetrasporogenesis initiates after 14 days of exposure to inducing conditions, followed by a 

subsequent increase in the frequency of tetraspore production and release continuing until 



120 
 

day 29 (Chapter 3/Mihaila et al. (2023a)). Therefore, both control and induction cultures 

were maintained under their respective conditions for a period of 21 days. This duration 

allowed for the analysis of changes in metabolite levels and gene expression leading up to 

and during tetrasporogenesis. Every seven days, nutrient medium in each container was 

replaced by centrifuging replicates through a strainer as described above, and subsamples 

for GC-MS and RNA-seq analysis were collected (prior to restocking into new nutrient 

medium). A total of five timepoints were sampled: baseline, day 0, day 7, day 14, and day 

21. GC-MS samples were analysed immediately after collection, while RNA-seq samples 

were snap-frozen in liquid nitrogen and stored at -80 °C until analysis. Regular checks were 

conducted on subsamples from each culture (approximately 50 filaments per replicate) 

using a stereomicroscope (Olympus SZX2-ILLTQ) to confirm the presence/absence of 

tetrasporangia in each treatment.     

 

5.3.3. Metabolite extraction and identification 

The extraction and derivatisation of metabolites for untargeted metabolic profiling 

by GC-MS was conducted as per Rawlinson et al. (2015) with some modification. Samples 

for each timepoint (50 mg FW per replicate) were suspended in 200 μL of sodium hydroxide 

solution (1% w/v) and 147 μL of HPLC grade methanol in 2 mL screwcap microcentrifuge 

tubes (Heathrow Scientific, HS10060). Two zirconia/silica beads (2.3 mm, Dnature, 

11079125z) were added to each suspension before homogenisation using a Precellys 

Evolution Tissue Homogeniser (10,000 rpm, 3 x 20 sec with 1 min intervals), followed by 

immediate transfer to 4 °C where samples were left to extract overnight (20 h). The next 

day, samples were vortexed for 15 sec and centrifuged for 30 sec at 16,000 g. The 

supernatant was then carefully transferred by pipette into a fresh 1.5 mL Eppendorf tube, 



121 
 

followed by derivatisation using methyl chloroformate (MCF) (Rawlinson et al. 2015). 

Deuterated cinnamic acid (20 μL of 20 μg mL-1 in methanol) was used as an internal 

standard. The derivatised products were then extracted into chloroform and transferred to 

GC-MS vials for analysis. For the targeted analysis of PGRs (abscisic acid (ABA), azelaic acid 

(AZ), 3-indole acetic acid (IAA), jasmonic acid (JA), and salicylic acid (SA)) or PGR 

precursors/related metabolites (1-aminocyclopropane-1-carboxylic acid (ACC), benzoic acid 

(BA), linolenic acid, and linoleic acid), stock standard solutions (2 μg mL-1) of each chemical 

were prepared and subsequently derivatised as per Rawlinson et al. (2015). The derivatised 

samples were analysed on a Nexis GC-2030 - Shimadzu gas chromatograph coupled with a 

single quadrupole mass spectrometer (GCMS-QP2020 NX) using an SH-I-5Sil MS column 

(30m x 0.25mm x 0.25μm) and a Topaz Splitless Single Taper Liner (3.5mm x 5.0 mm x 95 

mm) (Shimadzu, REST-23336). The ion source used electron ionisation, and the MS was run 

in scan mode and selected ion monitoring (SIM) mode to identify the analytes. Helium was 

used as the carrier at a flow rate of 0.96 mL min-1. The flow control mode was set to linear 

velocity, and the pressure was set to 9.0 psi. The injection volume was set to 2 µL in splitless 

injection mode and the injection port temperature was set to 250 °C. The oven temperature 

for the method was set at 80 °C, held for 1 min, and ramped up to 320 °C at a rate of 10 °C 

min-1, and held for 2 min. Compounds were identified based on the National Institute of 

Standards and Technology (NIST) and MassBank website (http://www.massbank.jp/) 

according to mass/charge value (m/z) and relative abundance, with an 85% Similarity Index 

threshold. 

 

http://www.massbank.jp/
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5.3.4. Targeted metabolomic analysis 

Significant differences in the production of identified target PGRs and related 

metabolites were assessed using MetaboAnalyst software (ver. 3.0) 

(http://metaboanalyst.ca/). Data were normalised to the internal standard (cinnamic acid), 

“none” was selected for data transformation, and “pareto scaling” was selected for data 

scaling. To examine differences at specific timepoints representing: 1) the effect of 

fragmentation, 2) pre-tetrasporogenesis, 3) the onset of tetrasporogenesis, and 4) active 

tetrasporogenesis, t tests were conducted for the following pairwise contrasts: 1) baseline 

vs. day 0, 2) day 7 control vs. day 7 induction, 3) day 14 control vs. day 14 induction, 4) day 

21 control vs. day 21 induction. Significant differences in metabolite production were 

determined using a false discovery rate (FDR) adjusted P-value threshold of ≤0.05. 

 

5.3.5. Untargeted metabolomic analysis 

For untargeted metabolic profiling analysis, GC-MS raw data files were exported as 

mzXML files and processed using XCMS software (ver. 3.7.1) with optimised parameters: 

peak picking method = matchedFilter, peak width = 1–10 sec, ppm = 500, mzdiff = 0.01, 

prefilter = 0, retention time correction method = “none”, and matching peaks across 

samples (bw = 3, mzwid = 1, minfrac = 0.1). A compound matrix containing peak intensity, 

m/z value, and retention time was extracted for statistical analysis in MetaboAnalyst 

software (ver. 3.0) (http://metaboanalyst.ca/). Data were normalised to the internal 

standard, “none” was selected for data transformation, and “pareto scaling” was selected 

for data scaling. To detect changes in metabolite production, t tests were conducted for the 

contrasts at each timepoint as described above (Section 5.3.4). Significant differences were 

http://metaboanalyst.ca/
http://metaboanalyst.ca/
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determined using an FDR adjusted P-value threshold of ≤0.05. Principal component analysis 

(PCA), partial least squares discriminant analysis (PLS-DA), and heatmap analysis were all 

performed with default parameters.  

 

5.3.6. RNA extraction and sequencing 

Total RNA was extracted from each algal sample using an RNeasy Plant Mini Kit 

(Qiagen, Germany) with an additional DNase I (Thermo Fisher Scientific) treatment to 

remove residual genomic DNA, both following the manufacturer’s instructions. RNA 

quantity and purity were assessed using a DS-11 Series spectrophotometer (Denovix) before 

shipping to Novogene (Singapore) on dry ice, where RNA concentration and integrity was 

verified using an Agilent 2100 Bioanalyzer. Whole mRNA-seq (paired-end 150 bp) was 

performed using the Next-Generation Illumina NovaSeq 6000 platform using an HiSeq 

sequencer according to the standardised Illumina pipeline by Novogene. A summary of total 

reads per sample is presented in Table S1 (Appendix 7). Raw sequence data was deposited 

into the Sequence Read Archive (SRA) database (NCBI BioProject ID 1098997, accession 

number PRJNA109899).   

 

5.3.7. Transcriptome de novo assembly and functional annotation 

Raw read data quality control, transcriptome reconstruction, and gene functional 

annotation were conducted by Novogene (Singapore). Raw reads in FASTQ format 

underwent processing using custom scripts developed in-house. This process involved 

trimming reads containing adapters and removing poly-N sequences and low-quality reads 

from the raw data. Only clean, high-quality data were retained for downstream analysis. De 
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novo assembly of a reference transcriptome was performed using Trinity ver. 2.6.6 

(Grabherr et al. 2011), followed by hierarchical clustering with Corset ver. 1.09 to remove 

redundancy (Davidson and Oshlack 2014). Clean RNA-seq reads were then mapped to the 

reference Corset-filtered transcriptome assembly using RSEM ver. 1.2.28 (Li and Dewey 

2011), and gene expression levels were quantified as fragments per kilobase of exon per 

million fragments mapped (FPKM) (Trapnell et al. 2010). The average mapping rate was 87% 

± 3 (mean ± stdev) (Appendix 7). For gene functional annotation, seven databases were 

queried using the following software: NCBI blast for the NT database (Altschul et al. 1997), 

Diamond for NR, SwissProt, and KOG databases (Buchfink et al. 2015), HMMER package 

hmmscan for PFAM, Blast2GO and a Novogene script for Gene Ontology (GO) annotations 

(Götz et al. 2008), and KAAS (https://www.kegg.jp/kegg/ko.html) for Kyoto Encyclopedia of 

Genes and Genomes (KEGG) annotations  (Moriya et al. 2007). Among the 245,537 unigenes 

identified, 157,880 unigenes (63.4%) were successfully annotated in at least one database.  

 

5.3.8. Differential gene expression analysis 

The DESeq2 R-package (ver. 3.4.2) was used to identify differentially expressed 

genes (DEGs) using normalised raw count data processed through the inbuilt normalisation 

method in DESeq2. Pairwise contrasts were conducted at each timepoint (n = 5 for baseline, 

day 7, day 14, and day 21 samples, and n = 10 for day 0 samples), as described in the 

metabolomic analysis (Section 5.3.4), to determine differential expression. Genes with 

significant upregulation or downregulation were determined using an FDR adjusted P-value 

threshold of ≤0.05 and minimum Log2 Fold Change of ≥1.  
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5.3.9. Functional enrichment analysis 

For the untargeted metabolomic data, pathway impact analysis was carried out for 

the metabolites detected in each contrast according to the pathway analysis module of 

MetaboAnalyst 3.0 (Xia et al. 2015), selecting the Arabidopsis metabolic pathway database 

as the reference and relative-betweenness centrality as the pathway analysis algorithm. 

Significantly affected pathways were identified using an adjusted P-value threshold of ≤0.05 

and minimum impact value ≥0.1 (Xia et al. 2015). 

For the transcriptomic data, both GO term and KEGG pathway enrichment analyses 

were performed for the DEGs identified in each contrast using the clusterProfiler R-package 

ver. 4.10.0 (Wu et al. 2021). Significantly enriched GO terms and KEGG pathways were 

defined as those with adjusted P-values ≤0.05. We prioritised GO terms annotated to the 

category ‘Biological Process’ and focused on enriched GO terms and KEGG pathways 

associated with metabolism. This approach enabled us to target specific biological processes 

and metabolic pathways most relevant to the induction of tetrasporogenesis. Additionally, 

we explored genes and pathways associated with the synthesis of PGRs and environmental 

information processing, considering the significance of these factors in seaweed 

reproduction (Stirk and Van Staden 2014, García-Jiménez and Robaina 2015, Zhang et al. 

2021, Uji and Mizuta 2022).  

 

5.4. Results and discussion 

5.4.1. Post-fragmentation recovery and induction of tetrasporogenesis 

Following fragmentation, the pigmentation of the filaments noticeably declined 

across all treatments. This is a consistent outcome resulting from the mechanical stress 
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induced by the fragmentation process. During the seven-day acclimation period that 

followed, the pigmentation notably improved across all samples. Despite initial signs of 

stress, including partial bleaching observed in some filaments of day 0 samples, the 

pigmentation of the filaments was completely restored by day 7, indicating a successful 

recovery from the mechanical stress. After 14 days, tetrasporogenesis was induced in all 

induction treatments, and by day 21, the biomass across all induction treatments had 

prolific tetraspore output.    

 

5.4.2. Targeted metabolomic analysis 

Out of the nine targeted metabolites analysed in A. armata, only four were detected 

with the method employed: benzoic acid, azelaic acid, linoleic acid, and proline (Figure 5.1). 

Induction samples had elevated levels of benzoic acid on day 7 and azelaic acid on day 14 

compared to control samples; however, these increases did not reach statistical significance 

(P >0.05). Further investigations into other PGRs and related metabolites are necessary to 

better understand their role in seaweed reproduction (García-Jiménez and Robaina 2015, 

Uji and Mizuta 2022). Potential candidates for such investigation are discussed in Section 

5.4.5, where we examine the expression of genes associated with PGRs outside those 

specifically targeted in this study.  
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Figure 5.1 Peak areas (± SE) of targeted metabolites detected in A. armata across different sampling 
timepoints baseline and day 0 samples, as well as control samples on days 7, 14, and 21.  

 

5.4.3. Untargeted metabolomic analysis 

The metabolic profiles of control samples varied notably on day 7, and also on days 

14 and 21, which could reflect minor differences in the rates of processes associated with 

growth or recovery. Despite this variability, control samples showed significant overlap 

across timepoints (Figure 5.2). In contrast, induction samples at each timepoint were more 

tightly clustered and showed increased separation across timepoints, though with some 

overlap (Figure 5.2). The most notable disparity in metabolic profiles between control and 

induction samples occurred on day 14. A total of 155 peaks were detected across samples 

from day 7 through to day 21. Of these, 42 metabolites were identified, including amino 

acids, fatty acids, carboxylic acids, and other compounds (Appendix 7). 
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Figure 5.2 PCA plots showing the metabolic profiles of A. armata during tetrasporogenesis, 
comparing (A) baseline and day 0 samples, and (B) control (CT) and induction (IN) samples on days 7, 
14, and 21. In (A), red and green circles represent baseline (n = 5) and day 0 samples (n = 10), 
respectively. In (B), light blue, purple, and dark blue circles represent control samples on days 7, 14, 
and 21 (n = 5), while the yellow, orange, and red circles represent induction samples on days 7, 14, 
and 21 (n = 5), respectively. 
 

 

Among the identified metabolites, 14 were significantly different between control 

and induction samples at one or more of the three timepoints related to tetrasporogenesis 

(Appendix 7). These metabolites are visually represented in the heat map (Figure 5.3). 

Several metabolites, including arachidonic acid, which was most accumulated (2.6-fold 

change (FC)), followed by 2-bromofumaric acid (2.1-FC), tricarballylic acid (1.5-FC), and two 

unidentified metabolites (1.5 and 2.4-FC) were significantly accumulated in day 7 induction 

samples (Figure 5.3). Arachidonic acid, a long-chain polyunsaturated fatty acid, is an 

important component of cellular membrane phospholipids (Guschina and Harwood 2009). 

Conversely, tricarballylic acid, a dicarboxylic acid, is known  to inhibit aconitase, a key 

enzyme in the citrate cycle (TCA cycle) affecting energy metabolism and various biosynthetic 

pathways (Villafranca 1974, Forsberg and Russell 1986). Although none of these metabolites 

have been explicitly studied in the context of seaweed metabolism, insights from higher 
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plants and microalgae suggest that arachidonic acid is involved in environmental stress 

response (Savchenko et al. 2010). For instance, in the green microalga Lobosphaera incisa, 

nitrogen starvation and increases in light intensity induce strong accumulation of 

arachidonic acid (Khozin-Goldberg et al. 2002, Kokabi et al. 2019). Elevated levels of 

arachidonic acid in response to the reduction in photoperiod applied to induction samples 

may have contributed to triggering tetrasporogenesis, yet the relationship between such 

metabolic alterations and seaweed reproduction remains ambiguous. In animals, 

arachidonic acid serves as a precursor for the synthesis of eicosanoids – essential 

bioregulators of many cellular processes (Gerwick et al. 1990, Mišurcová et al. 2011). While 

it has been speculated that eicosanoids can play a role in coordinating reproductive events 

in red seaweeds (Gerwick et al. 1990), this hypothesis remains untested. 

Homophenylalanine was the most accumulated metabolite identified in day 14 

induction samples (2.3-FC), followed by valeric acid (1.6-FC) (Figure 5.3). Notably, valeric 

acid was the sole fatty acid with significant accumulation across all timepoints. Knowledge 

regarding the functions of homophenylalanine and valeric acid in seaweed metabolism is 

sparse (Koketsu et al. 2013). Nonetheless, their accumulation at this specific timepoint 

indicates a possible role in initiating reproduction. Cholesteryl nonanoate was the sole 

metabolite significantly accumulated in day 21 samples, marking the later stages of 

tetrasporogenesis (Appendix 7). This result suggests that the majority of metabolic 

alterations associated with tetrasporogenesis occur during the earlier stages of this process. 

The remaining metabolites accumulated in day 7 and day 14 induction samples were 

primarily amino acids, including sarcosine, phenylalanine, and notably aspartate, which was 

accumulated at both timepoints. However, increases in all amino acids were relatively 

modest (1.3 to 1.4-FC) (Figure 5.3). Amino acids play pivotal roles in a multitude of 



130 
 

physiological processes in seaweeds, including reproduction (Wu 2010, Harnedy and 

FitzGerald 2011). Yet, without a more comprehensive list of metabolites facilitating detailed 

functional pathway analysis, it remains challenging to speculate on the specific roles of 

these amino acids in our study. A more sensitive metabolomic analysis, ideally utilising LC-

MS-MS for its enhanced capability in untargeted metabolomic profiling, is therefore 

recommended to gain deeper insights into the metabolomic changes during 

tetrasporogenesis. Nevertheless, this study serves as a foundational exploration into this 

area for A. armata. 
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Figure 5.3 Heatmap with hierarchical clustering of the significantly different (P ≤0.05) metabolites 
identified in A. armata between baseline (BL) and day 0 (D0) samples and between control (CT) and 
induction (IN) samples on days 7, 14, and 21 (group averages). Colours from yellow to deep purple 
indicate the relative abundances of metabolites from low to high according to the scale bar. 

 

5.4.4. Differential gene expression analysis 

Gene expression profiles for control and induction samples on day 7 and day 21 

showed low variability, whereas those on day 14 showed high variability (Appendix 8). The 

high variability in gene expression profiles, especially in induction samples, could be 

attributed to the dynamic nature of tetrasporogenesis, as precise quantities of reproductive 
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structures per individual were not measured. Varied numbers of upregulated and 

downregulated DEGs were observed for the contrasts at each timepoint (Figure 5.4, see 

Appendix 9 for gene expression and annotation details), reflecting different phases of 

tetrasporogenesis. The contrast between control and induction samples identified 12,400 

DEGs on day 7 (pre-tetrasporogenesis) and 5,557 DEGs on day 14 (the onset of 

tetrasporogenesis) (Figure 5.4). The majority of DEGs at these timepoints were upregulated 

(Figure 5.4). Overall, these DEG figures were higher compared to those found in the closely 

related species A. taxiformis between wild reproductive and non-reproductive 

tetrasporophytes (Patwary 2023) and between mature female and immature gametophyte 

tips (Patwary et al. 2023). This difference likely stems from our focused experimental design 

aimed at investigating tetrasporogenesis and our use of a de novo transcriptome assembly 

approach, contrasting with the availability of an assembled reference genome for A. 

taxiformis (Zhao et al. 2022). In our study, the lowest number of DEGs (3,730) was detected 

on day 21 (active tetrasporogenesis), with similar numbers of upregulated and 

downregulated genes (Figure 5.4). This result supports the finding of fewer metabolic 

alterations at this timepoint compared to preceding timepoints (Section 5.4.3), further 

reinforcing that the majority of biochemical changes linked to tetrasporogenesis occur 

during its earlier stages. 
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Figure 5.4 Differentially expressed 
genes (DEGs) (P ≤0.05 and Log2 Fold 
Change ≥1) between baseline and 
day 0 samples and between control 
and induction samples on days 7, 14, 
and 21. Refer to Appendix 9 for gene 
expression and annotation details. 
 

 

 

 

 

5.4.5. Functional enrichment analysis 

Functional enrichment analysis of both metabolomic and transcriptomic data 

provides valuable insights into the key biological pathways involved during 

tetrasporogenesis in A. armata. When examining differences in metabolite production and 

gene expression across the different phases of tetrasporogenesis, day 7 emerged as the 

most significant timepoint, followed by day 14. Therefore, we primarily focused our 

investigation into functional enrichment on day 7, while also considering results from day 14.  

Metabolomic analysis of induction samples on day 7 and 14 showed impacts on 

pathways primarily related to amino acid metabolism (Figure 5.5). However, the analysis 

yielded only a low number of metabolites matched (≤3) to each pathway, highlighting the 

constraints of GC-MS in capturing the full spectrum of metabolites present in our samples. 

In contrast, the transcriptomes of induction samples across day 7 and day 14 were enriched 

in numerous GO terms and KEGG pathways with a significant number of genes matched to 

each pathway (refer to Appendix 10 for full lists of enriched GO terms, KEGG pathways and 

associated genes). While integrating metabolomic and transcriptomic data would provide a 
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deeper understanding of the biochemical mechanisms underpinning reproduction, 

insufficient metabolomic data prevented such integration here. Therefore, further 

investigation proceeded solely based on transcriptomic data.  
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Figure 5.5 Metabolomic pathway analysis 
showing impacted pathways between (A) 
baseline and day 0 and between control and 
induction samples on (B) day 7 and (C) day 14. 
Darker circle colours indicate more significant 
changes of metabolites in the corresponding 
pathway, whereas the size of the circle 
represents the pathway impact score. 
Significantly impacted pathways (P ≤0.05 and 
pathway impact ≥0.1) are annotated. Analysis 
for day 21 are not shown as no pathways were 
significantly impacted at this timepoint.  
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Top GO terms enriched for induction samples on day 7 included cellular response to 

oxidative stress, proteolysis involved in protein catabolic processes, carbohydrate transport, 

and glycerolipid biosynthetic process (Figure 5.6). Additionally, the primary KEGG pathways 

enriched on day 7 were associated with energy production, the metabolism of 

carbohydrates, amino acids, cofactors, glutathione, terpenoids, inositol phosphates (IPs), 

glycerophospholipids (GPLs), and the phosphatidylinositol (PI) signalling system (Figure 5.7), 

highlighting the dynamic metabolic activity during this timepoint. The complex PI signalling 

system is highly responsive to environmental cues and plays a critical role in activating 

signalling pathways involved in regulating reproductive processes in higher plants (Yang 

1996). Notably, IPs – important lipid signalling molecules derived from PIs (Williams et al. 

2015) – have been associated with the activation of plant hormone receptors in higher 

plants (Smart and Fleming 1993, Tan and Zheng 2009, Tsui and York 2010, Gillaspy 2011). 

The observed enrichment of the PI signalling system pathway at this timepoint suggests its 

potential activation in response to the reduction in photoperiod, the sole environmental 

change between control and induction samples and known inducer of tetrasporogenesis 

(Chapter 3/Mihaila et al. (2023a)). Such light signals are typically perceived and transduced 

through membrane associated photoreceptors, such as cryptochromes (CRYs) and 

phototropins (PHOTs) (Gyula et al. 2003). In this study, genes encoding these 

photoreceptors were highly upregulated in day 7 induction samples (ranging from 3.5 to 

4.6-Log2 Fold Change (LFC)) (Appendix 11), underscoring their active response to changes in 

light conditions and possible role in initiating cellular responses associated with 

tetrasporogenesis. 

The significance of the PI signalling system pathway is further highlighted by its 

enrichment during reproductive processes in other seaweeds, such as the maturation of 
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conchosporangia in the red alga Pyropia haitanensis (Lin et al. 2021) and initial stages of 

gametogenesis in Saccharina japonica (Liang et al. 2023). In P. haitanensis, several hub 

genes encoding diacylglycerol kinase (DGK), which are involved in synthesising phosphatidic 

acid – a key component of lipid metabolism – were upregulated during conchosporangia 

maturation (Lin et al. 2021). However, these genes showed no significant changes in 

expression levels in day 7 samples in our study. Instead, genes encoding 

phosphatidylinositol phospholipase C (PI-PLC) and phosphatidylinositol 4-phosphate 5-

kinase (PIP5K) were markedly upregulated (3.7 and 3.4-LFC, respectively) in our day 7 

induction samples as part of the PI signalling system and IP metabolism pathways (Appendix 

11). PLCs are important lipid-modifying enzymes linked to reproductive development in rice 

(Singh et al. 2013), while PIP5K is a key enzyme producing the signalling lipid 

phosphatidylinositol 4,5-bisphosphate (PIP2) and plays a role in pollen development in 

Arabidopsis thaliana (Kato et al. 2024). We suggest that PLCs also play a role in seaweed 

reproduction, although the specific function of these enzymes in seaweeds remains to be 

elucidated. 
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Figure 5.6 Top 20 Enriched Gene Ontology (GO) terms associated with differentially expressed genes (DEGs) identified between control and induction 
samples on (A) day 7 and (B) day 14, within the category ‘Biological Process’. Red circle colours indicate more significant enrichment (P ≤0.05). The size of 
the circle represents the number of genes associated with each term. If less than 20 terms were enriched, all are displayed. Refer to Appendix 10 for full 
lists of enriched GO terms for all contrasts.  
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Figure 5.7 Top 20 Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with differentially expressed genes (DEGs) identified 
between control and induction samples on (A) day 7 and (B) day 14. Red circle colours indicate more significant enrichment (P ≤0.05). The size of the circle 
represents the number of genes associated with each pathway. If less than 20 pathways were enriched, all are displayed. Refer to Appendix 10 for full lists 
of enriched KEGG pathways for all contrasts.
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Recent research highlights the involvement of plant growth hormones, including 

polyamines (spermine, spermidine, and putrescine), jasmonates, and ethylene, in 

controlling the transition from vegetative to reproductive stages in red seaweeds (Guzmán-

Urióstegui et al. 2002, Sacramento et al. 2007, García-Jiménez and Robaina 2015, Uji and 

Mizuta 2022). Polyamines are synthesised through the reproduction-candidate gene 

ornithine decarboxylase (ODC) (García-Jiménez et al. 2009, Pilar and Rafael 2019), which 

produces the polyamine precursor, putrescine, from the non-proteinogenic amino acid L-

ornithine (Sacramento et al. 2004, Garcia-Jimenez et al. 2018). Notably, increased 

expression of the candidate gene ODC is an established indicator of cystocarp maturation 

and sporulation in G. imbricata (García-Jiménez et al. 2009, Montero-Fernández et al. 2016, 

Garcia-Jimenez et al. 2017). In day 7 induction samples, we detected high upregulation of 

the ODC gene (5.3-LFC), as well as several genes involved in polyamine biosynthesis, such as 

S-adenosyl methionine synthase (SAMS) (4.3-LFC) and spermidine/spermine synthase 

(Spd/Spm synthase) (3.7-LFC) (Garcia-Jimenez et al. 2018) (Appendix 11). The gene encoding 

for ornithine aminotransferase (OAT), a key enzyme involved in L-ornithine metabolism 

(Anwar et al. 2018), was also significantly upregulated in day 7 induction samples (4.4-LFC), 

implying its active role during this phase. Conversely, in day 14 induction samples, coinciding 

with the onset of tetrasporogenesis, expression levels of polyamine-related genes reverted 

to baseline or lower levels, while amine oxidase expression increased (3.8-LFC) (Appendix 

11). As reproductive processes are initiated, polyamines undergo degradation by amine 

oxidases, leading to a stark decline in ODC expression, almost reaching undetectable levels 

(Sacramento et al. 2007, García-Jiménez et al. 2009). Although the precise involvement of 

polyamines and the ODC gene in tetrasporogenesis requires targeted investigation, these 
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collective observations strongly suggest their participation in regulating this reproductive 

process in A. armata.  

Enrichment analysis showed an increase in the number of terms and pathways 

related to energy production and carbohydrate metabolism in day 14 induction samples 

compared to day 7 (Figures 5.6 and 5.7). Significant enrichment in carbon metabolism was 

also identified during tetraspore formation in G. lemaneiformis (Sun et al. 2023). These 

results align with the heightened energy demand for tetrasporogenesis (De Wreede and 

Klinger 1988, Guillemin et al. 2014). Supporting this notion, genes associated with carbon 

metabolism were significantly downregulated in cultured non-reproductive 

tetrasporophytes of A. taxiformis compared to wild reproductive tetrasporophytes, 

highlighting the importance of carbon metabolism during reproduction in Asparagopsis 

(Patwary 2023). Furthermore, additional terms and pathways enriched in day 14 induction 

samples were associated with biosynthesis of amino acids and steroids, as well as the 

metabolism of cofactors and vitamins, such as lipoic acid and vitamin B6, C21-steroid 

hormones, and glutathione (Figures 5.6 and 5.7). Genes associated with steroid/steroid 

hormone pathways were predominantly classified as hypothetical or 

unnamed/uncharacterised, with functional annotations tied to “androgen and estrogen 

metabolic processes” (Appendix 11). Primarily recognised for their involvement in animal 

reproduction, their presence in this context underscores the limited availability of molecular 

information regarding seaweed reproduction. Nonetheless, these annotations could 

indicate potential similarities to enzymes involved in the plant equivalents of these 

hormones. For instance, certain hypothetical proteins identified in A. armata show 

similarities to enzymes such as beta-hydroxysteroid-dehydrogenases or decarboxylases 
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(Appendix 11) that have been associated with the production of brassinosteroids (Zhang et 

al. 2017, Pan et al. 2023). Brassinosteroids are vital steroid hormones regulating various 

reproductive processes in higher plants (Fujioka and Yokota 2003, Asami et al. 2005, Li et al. 

2010), and have been detected in microalgae and kelps (Stirk et al. 2013, Stirk et al. 2014). 

More targeted research is needed to define the roles of these genes in seaweeds, which 

may provide useful insights into the fundamental biochemical mechanisms governing 

seaweed reproduction. This is especially pertinent considering the prospective link between 

these genes and reproductive hormones across different organisms.  

 

5.4.6. Response to fragmentation 

Our analysis comparing baseline (pre-fragmentation) and day 0 (seven days post-

fragmentation) samples aimed to broadly describe the metabolic and transcriptomic 

responses to fragmentation. Since all samples underwent the same fragmentation 

treatment prior to experimental conditions, any observed changes after the seven-day post-

fragmentation recovery period should be attributed to the specific treatments applied. The 

PCAs conducted on metabolic (Figure 5.1) and transcriptomic data (Appendix 8) (separate 

analyses) both showed clear separation between baseline and day 0 samples. This highlights 

distinct alterations in both metabolite production and gene expression in response to 

fragmentation. 

Nineteen metabolites exhibited significant differences in day 0 samples compared to 

baseline, with 13 showing accumulation, including tricarballylic acid, aspartate, 

homophenylalanine, sarcosine, and arachidonic acid (Figure 5.3 and Appendix 7). Some of 

these metabolites, such as aspartate, known for its role in plant stress response (Han et al. 
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2021) and potential involvement in reproductive processes (Wang et al. 2018), were also 

accumulated in induction samples, underscoring their diverse functions. Post-fragmentation 

uniquely accumulated metabolites such as valine, glycine, valeric acid, 2,4-Di-tert-

butylphenol, 2-bromotetradecanoic acid, and methyl eicosia-5,8,11,14,17-pentaenoate, 

indicating their likely role in stress response and/or recovery and growth. Notably, the 

production of phenylalanine significantly decreased in day 0 samples (Figures 5.3 and 5.5), 

contrasting with its elevated levels in day 7 induction samples, suggesting shifts in amino 

acid synthesis leading up to tetrasporogenesis induction (Sun et al. 2023). Furthermore, 

metabolic pathway analysis revealed significant enrichment of pathways associated with 

alanine/aspartate/glutamine and glycine/serine/threonine metabolism in day 0 samples, as 

well as in day 7 and 14 induction samples (Figure 5.5), emphasising the diverse metabolic 

functions performed by these amino acids.  

Alongside metabolomic findings, a total of 52,658 DEGs were identified between 

baseline and day 0 samples (Figure 5.4, Appendix 9), indicating marked changes in gene 

expression induced by fragmentation. This process induces significant physical disruption 

and stress, necessitating the activation of various physiological mechanisms in response 

(Vega-Muñoz et al. 2020). Enriched GO terms and KEGG pathways in day 0 samples were 

primarily linked to cellular signalling, antioxidant defence, energy production, and growth 

(Appendix 10). Additionally, numerous pathways related to amino acid production, including 

lysine, tryptophan, tyrosine, phenylalanine, alanine, aspartate, and glutamate metabolic 

pathways, were enriched in day 0 samples (Appendix 10), aligning with findings from 

metabolomic analysis. Before fragmentation, tetrasporophyte cultures were maintained 

under conditions conducive to minimal growth. However, following stress recovery post-

fragmentation, a pronounced growth response is initiated. Thus, it was expected that 
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fragmentation would result in upregulation of metabolic pathways linked to recovery and 

growth, aligning with observations. 

 

5.5. Conclusion 

This study provides insights into the metabolomic and transcriptomic dynamics 

underlying the induction of tetrasporogenesis in A. armata, highlighting key metabolites, 

pathways, and genes for more targeted investigation. Our findings indicate a potential role 

of the phosphatidylinositol signalling system, along with possible involvement of 

phospholipase C enzymes, in responding to the reduced photoperiod triggering 

tetrasporogenesis. While significant differences in targeted plant growth regulators/related 

metabolites were not detected, gene expression analysis strongly implicates polyamines as 

worthy of further investigation for their involvement in tetrasporogenesis in A. armata. 

Amino acid and carbohydrate metabolism were identified as crucial not only for inducing 

tetrasporogenesis but also in responding to fragmentation. The variability in gene 

expression and metabolite production leading up to and during the initiation of 

tetrasporogenesis underscores the dynamic nature of this process. These findings lay the 

groundwork for future research endeavours aimed at disentangling the complexities of this 

fundamental biological processes. 
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Chapter 6 

General Discussion 

 

6.1. Main research findings and implications 

The aim of this thesis was to provide a foundation for developing closed-life cycle 

aquaculture of the anti-methanogenic red seaweed Asparagopsis armata. This involved 

monthly field sampling and quantification of reproductive phenology on the North Island of 

New Zealand, hatchery- and nursery-based cultivation experiments, targeted and 

untargeted metabolomic profiling, and transcriptomic analysis. 

Understanding the reproductive phenology of A. armata and its response to rising 

sea temperatures is crucial for sustainable aquaculture (Charrier et al. 2017, de Bettignies et 

al. 2018, Kim et al. 2019). Comparing reproductive phenology to a 1978–1981 assessment, 

when temperatures were 1–2 °C cooler, showed no apparent shift in the timing of 

tetrasporogenesis (Chapter 2/Mihaila et al. (2023b)). However, tetraspore release was 

inconsistent in natural populations, rendering them unreliable for research or aquaculture 

purposes. The delayed and shortened duration of cystocarp production, along with limited 

viable carpospore released compared to 1978–1981, presents significant challenges for 

achieving scalability and consistency in aquaculture operations reliant on carpospore 

release cultures. Therefore, developing methods for inducing viable cystocarp production 

and subsequent carpospore release is recommended to ensure sustainable and dependable 

aquaculture practises of A. armata. The timing of spermatangia and cystocarp production 

reported in this study will aid in guiding such research efforts. The heatwave recorded in 

2022 likely contributed to poor pigmentation, low reproductive output, and high mortality 
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of both tetrasporophytes and gametophytes in natural populations (Bartsch et al. 2013, 

Endo et al. 2017, Kreusch et al. 2019, Kumar et al. 2020). Therefore, decreasing dependence 

on natural reproductive process for aquaculture production will become increasingly 

important considering the increases in frequency, duration, and intensity of marine 

heatwaves predicted in future climate change scenarios (Oliver et al. 2018). Overall, these 

findings establish a quantitative baseline for tracking how climate-induced rises in sea 

temperature impact reproductive patterns in A. armata, potentially serving as a marker for 

understanding the broader effects of climate change on seaweed reproduction (Mihaila et 

al. 2023b). Moreover, these results demonstrate that closed life cycle production of 

tetraspores is essential for both research and farming purposes due to seasonal and variable 

availability.  

Previous research has suggested that a decrease in photoperiod can trigger the 

onset of tetrasporogenesis (Oza 1977, Lüning and Dieck 1989, Guiry and Dawes 1992). 

However, despite this knowledge, effectively replicating this life cycle transition for hatchery 

production has proven challenging due to limited information on timing and practical 

implementation (Zhu et al. 2021, Zanolla et al. 2022). To address this gap, hatchery 

protocols were developed to induce, improve, and regulate tetrasporogenesis through 

experiments manipulating various environmental factors (Chapter 3/Mihaila et al. (2023a)). 

It was found that reducing the light period by 4 h to an 8 h L:16 h D photoperiod was crucial 

for inducing tetrasporogenesis, and that this process can be optimised by exposing cultures 

to 18 °C, 15 μmol photons m-2 s-1, and F/8 (3.5 mg N L-1 and 0.3 mg P L-1) for 14 days. These 

experiments not only establish a detailed method for inducing tetrasporogenesis in a 

significantly shorter timeframe than previous studies (Oza 1977, Lüning and Dieck 1989, 

Guiry and Dawes 1992), thereby improving hatchery efficiency, but also provide a basis for 
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adjusting these methods to suit specific temperature and light conditions across different 

strains. Moreover, the established hatchery protocols enable on-demand mass production 

and release of tetraspores, facilitating timed seeding with optimal ocean outplanting 

conditions, which is likely to improve post-outplanting gametophyte survival and growth. 

Based on the optimised protocol, seeding can be conducted over a 15-day period from the 

onset of tetrasporogenesis, yielding an estimated >10 million tetraspores per g FW of 

tetrasporophyte biomass. Alternatively, concentrating seeding efforts during the primary 

peak in tetraspore production (from day 27 to day 29) results in an estimated 7–8 million 

tetraspores. These first estimates of spore production for A. armata will help to determine 

seeding densities and forecast harvest yields. Overall, the induction of tetrasporogenesis 

through methods scalable for commercial aquaculture (de Nys et al. 2023, Mihaila et al. 

2023a) overcomes a significant bottleneck to progressing closed life cycle cultivation. This 

advancement now allows for the development and refinement of optimal conditions for 

nursery production, as well as protocols for line seeding and processes for automation.  

Developing and maximising nursery production is critical for implementing closed-

life cycle cultivation of A. armata, yet no studies have successfully determined the culture 

requirements of juvenile gametophytes. Thus, drawing on protocols obtained in Chapter 3 

(Mihaila et al. 2023a), key parameters for enhancing early-stage development and growth of 

juvenile gametophytes were identified using laboratory-induced tetraspores (Chapter 

4/Mihaila et al. (2024)). Moderate temperature and water flow were identified as critical 

drivers of juvenile gametophyte growth and are highly recommended for maximising 

nursery cultivation of A. armata. Moreover, water flow, when combined with the optimal 

environmental conditions, substantially increased biomass productivity, resulting in well-

branched gametophytes with a combined total branch length of 6.2 mm and a height of 
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3.5–4 mm after three weeks. This nursery period is significantly shorter than the timeframes 

typically needed for kelps and nori (Sahoo and Yarish 2005, Redmond et al. 2014, Forbord et 

al. 2020), with potential for further reduction, given that A. armata gametophytes reached 

assumed outplanting size (1–2 mm height) after 2 weeks (Redmond et al. 2014, Forbord et 

al. 2020). These results mark the first successful demonstration of laboratory-induced 

tetraspores leading to well-branched juvenile gametophytes, supporting the feasibility and 

effectiveness of closed life cycle cultivation of A. armata. Furthermore, this study showcases 

successful cultivation of gametophytes in indoor cultures, a notable progression given 

previous inconclusive results and high mortality rates in laboratory experiments with 

mature gametophytes (Chualáin et al. 2004, Mickelson 2013, Batista 2020, Zanolla et al. 

2022). Cultivation under a 12 h L: 12 h D photoperiod and 15 μmol photons m-2 s-1 improved 

development and growth, while maintaining a nutrient concentration of F/8 minimised 

fouling without impeding growth. These insights are crucial for cost and contamination 

control in commercial settings. Together with outcomes from chapter three, these findings 

lay the foundation for designing streamlined A. armata hatcheries and nurseries for both 

research and commercial production (Mihaila et al. 2024). 

Deciphering the internal mechanisms governing seaweed reproduction, particularly 

in red seaweeds with their complex life cycles, presents a significant challenge (García-

Jiménez and Robaina 2015, Sun et al. 2023). However, such knowledge is imperative for 

ensuring the effectiveness and sustainability of seaweed farming practises (Loureiro et al. 

2015, Liu et al. 2017, Hwang et al. 2019). Thus, the final part of this thesis sought to 

investigate biochemical and molecular dynamics underlying tetrasporogenesis induction. 

Although variations in the production of targeted phytohormones lacked significance, there 

was a notable accumulation of various metabolites, including the eicosanoid precursor 
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arachidonic acid, alongside specific amino acids, leading up to and during the onset of 

tetrasporogenesis. Furthermore, genes associated with phospholipase C (PLC) enzymes and 

polyamine production also showed high upregulation pre-tetrasporogenesis, suggesting 

their involvement in coordinating tetrasporogenesis in A. armata. These data provide a 

foundational information base by offering new biochemical and molecular insights on A. 

armata, essential for understanding the internal mechanisms of reproduction. Such 

knowledge is invaluable for selective breeding programs to advance seaweed aquaculture 

production (Hwang et al. 2019). Analysis of thousands of differentially expressed genes 

throughout the phases of tetrasporogenesis revealed numerous enriched pathways. Among 

these, pathways related to the phosphatidylinositol (PI) signalling system (Lin et al. 2021, 

Liang et al. 2023), carbon metabolism (Patwary 2023, Sun et al. 2023), and steroid hormone 

production (Pan et al. 2023), show promise for key participation in seaweed reproduction 

based on previous research. Overall, these results offer new perspectives on possible key 

regulators of tetrasporogenesis, an area of research that has been explored by only a few 

previous studies (García-Jiménez and Robaina 2012, Sun et al. 2023). Moreover, they 

underscore the complexity of the endogenous mechanisms controlling seaweed 

reproduction and offer a comprehensive range of genes and pathways to facilitate more 

targeted molecular and biochemical investigations.   

 

6.2. Future research directions 

This research has significant implications for A. armata aquaculture and directions 

for future research.  

Chapter 2 identified potential climate driven shifts in the reproductive phenology of 

A. armata in New Zealand since 1978–1981. Yet, to confirm the drivers of these shifts and 
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inform aquaculture development, it is essential to gain a more comprehensive 

understanding of the environmental factors affecting reproductive processes in A. armata 

gametophytes (de Bettignies et al. 2018). Previous laboratory culture studies with 

gametophytes have shown low survival rates (Chualáin et al. 2004, Mickelson 2013, Batista 

2020, Hunter 2022), indicating the need for careful consideration of experimental methods. 

Moreover, heat stress was identified as a probable factor explaining low reproductive 

success and high mortality rates in the field in 2022, emphasising the need for temperature 

tolerance experiments. Data from this study, together with findings from Chapter 4 (Mihaila 

et al. 2024), strongly indicate that gametophytes have limited tolerance to continuous 

exposure to temperatures of 21 °C. Understanding the effect of heat stress on gametophyte 

reproduction and survival will be critical for determining the timing of outplanting and 

harvesting, particularly in light of projected increases in the frequency and intensity of 

marine heatwaves (Allen 2018). Exceedance of thermal tolerance could also bring about 

shifts in population dynamics, with reduced reproductive success and survival rates 

potentially leading to population declines and decreased availability. Limited carpospore 

release could also reduce genetic diversity within populations, as there may be fewer 

opportunities for genetic recombination. This would result in populations becoming less 

adaptable to changing environmental conditions. It is worth noting that our study was 

conducted at a single site over a two-year period, with intermittent gaps due to COVID-19 

restrictions and poor weather conditions. Therefore, repeated sampling and longer-term 

quantitative monitoring at the same site and additional sites would allow further accounting 

for short-term variation and comparison across temporal and spatial scales.  

Chapter 3 presents a method for inducing tetrasporogenesis and the release and 

germination of tetraspores in domesticated A. armata tetrasporophytes acclimated at 18 °C, 
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~15 μmol photons m-2 s-1, and 12 h L:12 h D for 18 months, likely belonging to the L1B 

lineage. Assessing this method on tetrasporophytes with varied environmental histories and 

across different strains would be beneficial to determine its applicability for general 

aquaculture of A. armata. A reduced photoperiod (8 h L:16 h D–10 h L:14 h D) appears to be 

a universal requirement for inducing tetrasporogenesis in A. armata, as indicated by 

previous controlled laboratory studies (Oza 1977, Lüning and Dieck 1989, Guiry and Dawes 

1992). Nevertheless, the experimental design employed here provides a practical template 

for fast forwarding strain specific adjustments that may be required for other environmental 

parameters. Despite the emerging benefits of plant growth regulators (PGRs) for enhancing 

seaweed reproduction (Nimura and Mizuta 2002, García-Jiménez and Robaina 2012, Uji et 

al. 2020), the exogenous application of select PGRs did not positively affect 

tetrasporogenesis in A. armata. Subsequent targeted metabolomic analysis conducted in 

Chapter 5 was unable to detect the production of PGRs selected in this study. Thus, 

additional PGRs should be further explored to identify those involved in regulating 

tetrasporogenesis in A. armata and ascertain their potential application during the hatchery 

phase to enhance efficiency. Specific parameters identified for ceasing and re-inducing 

tetrasporogenesis in the same biomass should also be evaluated for commercial feasibility. 

Notably, the development of tetraspores develop on newly grown tissue (Guiry and Dawes 

1992) and rapid growth of filaments under the established protocols suggest that repeated 

induction is unlikely to have negative effects on reproductive output or viability. Therefore, 

it is likely that re-inducing tetrasporogenesis in the same biomass and maintaining that 

biomass at scale is feasible for preserving valuable selected cultivars/strains.  

Chapter 4 elucidates the essential drivers for successful nursery production of A. 

armata. With these critical parameters identified, processes and systems can confidently be 
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developed for implementation in large-scale nursery settings. Furthermore, while 

temperature conditions are expected to remain consistent across nursery systems, optimal 

water flow, light exposure, and nutrient concentrations may fluctuate depending on the 

scale and configuration of the cultivation setup (Hurd 2000, Caines et al. 2014, Redmond et 

al. 2014). Therefore, it is recommended that these parameters are further fine-tuned 

according to individual system requirements. Theoretically, juvenile gametophytes could be 

outplanted after two weeks of exposure to nursery conditions, based on the recommended 

outplanting size for kelps and nori (Sahoo and Yarish 2005, Redmond et al. 2014, Forbord et 

al. 2020). However, marine farm experiments assessing varying nursery phase duration will 

be important to confirm the optimal nursery period and maximise outplanting success. The 

optimal temperature (18 °C) and photoperiod (12 h L:12 h D) for juvenile gametophyte 

growth coincided with the long-term maintenance conditions of parental tetrasporophyte 

stock cultures. This alignment implies the possibility of predetermining optimal growth 

conditions by manipulating the environmental conditions of the parental tetrasporophyte 

conditions. Such thermal priming techniques offer potential for enhancing the temperature 

tolerance of gametophytes (Wang et al. 2017, Jueterbock et al. 2021), a critical factor given 

the challenges posed by climate change, such as heatwaves, which are likely to diminish 

outplanting success (Nepper-Davidsen et al. 2023). Additionally, an important progression 

after establishing conditions for hatchery and nursery production is the refinement of 

methods for tetraspore seeding. This will involve determining suitable seeding techniques, 

densities, and rope selection.  

Chapter 5 provides a first exploration into the biochemical and molecular dynamics 

underlying the induction of tetrasporogenesis in A. armata. Substantial transcriptomic 

changes were detected throughout all phases of tetrasporogenesis, while metabolic 
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changes were less conspicuous, likely attributed to methodological sensitivity constraints. 

Therefore, future investigations employing LC-MS-MS and/or alternative techniques (Kumar 

et al. 2016, Tanna and Mishra 2018) are recommended to gain deeper insights into the 

biochemical changes during tetrasporogenesis. Expression patterns of polyamine-related 

genes during pre-tetrasporogenesis imply their involvement in controlling tetrasporogenesis 

in A. armata, consistent with prior research demonstrating the role of polyamines in 

regulating various reproductive processes in seaweeds (Sacramento et al. 2004, Sacramento 

et al. 2007, Kumar et al. 2015). Further targeted exploration of polyamine-related genes, 

potentially in conjunction with exposing cultures to polyamines during induction (similar to 

the approach taken with methyl jasmonate in Grateloupia spp. (Pilar et al. 2016, Garcia-

Jimenez et al. 2017)), is warranted to elucidate their contribution to tetrasporogenesis in A. 

armata. Certain metabolites, enzymes, and genes were pinpointed as potentially involved in 

regulating tetrasporogenesis in A. armata. Nevertheless, many identified genes, similar to 

reproductive sex-biased genes identified in A. taxiformis (Patwary et al. 2023), remain 

classified as hypothetical or unnamed. The ambiguity of these classifications could be 

attributed to the unique roles of genes involved the reproduction of red seaweeds, 

influenced by the rapid evolutionary rates of reproduction-associated genes (Liu et al. 2017, 

Hatchett et al. 2023). The scarcity of molecular data relating to seaweed reproduction also 

presents further challenges for classification (García-Jiménez and Robaina 2015, Kumar et al. 

2015). This emphasises the need for further molecular research aimed at the structural and 

functional characterisation of genes involved in biochemical pathways with prospective links 

to seaweed reproduction. For instance, focusing on genes linked to steroid hormone 

pathways, primarily annotated to animal sex hormone production in this study, could 

provide valuable insights into seaweed metabolites with modulating roles in reproduction. 
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Nonetheless, the absence of an assembled reference genome for A. armata remains a 

significant bottleneck, hindering efforts to conduct high-quality comparative transcriptomic 

and proteomic analyses aimed at identifying candidate tetrasporogenesis-associated genes. 

To address this limitation, the next logical step should be to prioritise the assembly of a 

reference genome for A. armata.  

 

6.3. Conclusion 

This thesis addresses key knowledge gaps for understanding the biology and 

developing closed-life cycle cultivation of A. armata within four research areas that have not 

previously been addressed. 

1) The assessment of reproductive phenology demonstrated changes in the timing 

and extent of reproductive processes and provides a detailed measurable 

baseline to detect future phenological shifts.  

2) The hatchery cultivation experiments delivered comprehensive methods for 

mass induction and release of tetraspores and attaining a high degree of control 

over tetrasporogenesis to enable commercial hatchery production.  

3) The nursery cultivation experiments identified temperature and water flow as 

pivotal drivers of juvenile gametophyte growth and development and defined 

the necessary cultivation conditions for facilitating the establishment of 

commercial nurseries.   

4) The metabolomic and transcriptomic analyses demonstrated that multiple 

mechanisms are involved in regulating tetrasporogenesis in Asparagopsis and 
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identified key directions for future research in this emerging field within 

phycology.  

Collectively, these findings substantially drive our progress towards achieving closed-

life cycle aquaculture of A. armata, providing a framework upon which to implement 

commercial production. Moreover, they improve our understanding of seaweed 

reproduction from both exogenous and endogenous perspectives. The latter will be 

particularly crucial as Asparagopsis aquaculture evolves, leading to genetic optimisation and 

further strain selection. 

In summary, this thesis advances understanding of diverse aspects of Asparagopsis 

biology and aquaculture, spanning knowledge of reproductive phenology, the innovation of 

hatchery and nursery protocols, and the elucidation of biochemical and molecular 

mechanisms governing reproduction. To deepen understanding of A. armata biology and 

further progress closed life cycle aquaculture development, future research should focus on:  

1) Understanding the environmental factors affecting A. armata gametophyte 

reproduction to verify climate-driven shifts in reproductive phenology and guide 

aquaculture practises; and implementing repeated sampling across multiple sites to 

enhance our comprehension of A. armata reproductive phenology and provide 

insights for broader aquaculture applications. 

2) Refining line seeding techniques and automating processes, streamlining the design 

of hatcheries and nurseries, assessing strategies to enhance gametophyte 

temperature tolerance for resilient aquaculture in the face of climate change, and 

determining optimal nursery duration through outplanting trials.   

3) Further exploring the role of PGRs on tetrasporogenesis, particularly focusing on 

polyamines, and continuing to decipher the intricate mechanisms underlying 
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seaweed reproduction to address existing knowledge gaps and support the 

development of selective breeding programs. 
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Appendices 

 
Appendix 1 Immature tetrasporangia 
(arrowhead) in poorly pigmented 
tetrasporophytes of A. armata collected 
during March and April in 2021 and 2022. 
Scale bar = 50 μm. 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Appendix 2 Colour image of thallus, 
cystocarps, and carpospores (arrowhead) in 
poorly pigmented gametophytes of A. 
armata collected during October in 2022 that 
became discoloured within 24 h of exposure 
to controlled conditions (18 °C, 20 – 25 µmol 
photos m-2 s-1, 12 h L:12 h D). Scale bar = 1 
mm. 
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Appendix 3 Examples of how gametophytes were measured during each experiment. Black lines in 
(A) demonstrate how gametophytes were measured during experiment one, i.e., the combined total 
length of all branches for each individual. Black lines in (B) demonstrate how gametophytes were 
measured during experiment two, i.e., the combined total length of determinate branches only for 
each individual. Scale bar = 1mm. 
 
 
 

 
Appendix 4 Individual recirculating flow 
system used in experiment two. Treatment 
containers contained individual seeded 
microscope slides. IF = water inflow, OF = 
water outflow. 
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Appendix 5 Examples of increased contamination under high irradiance (30 μmol photons m-2 s -1) 
treatments compared to low irradiance (15 μmol photons m-2 s -1) treatments at the end of 
experiment one testing the effect of temperature (15, 18, and 21 °C), irradiance (15 and 30 μmol 
photons m-2 s -1), and photoperiod (12 h L:12 h D and 8 h L:16 h D) on the development and growth 
of juvenile gametophytes. (A) 18 °C, 15 μmol photons m-2 s -1, 12 h L:12 h D, (B) 15 °C, 15 μmol 
photons m-2 s -1, 12 h L:12 h D, (C) 21 °C, 30 μmol photons m-2 s -1, 12 h L:12 h D, (D) 18 °C, 30 μmol 
photons m-2 s -1, 12 h L:12 h D. Scale bar (A) & (B) = 1 mm, (C) & (D) 500 μm. 
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Appendix 6 Examples of gametophytes present under each treatment combination at the end of 
experiment two testing the effect of nutrient concentration (high = F/4 and low = F/8) and water 
flow (flow and static conditions) on the development and growth of juvenile gametophytes. (A) 
Static F/8, (B) Static F/4, (C) Flow F/8, (D) Flow F/4. Scale bar = 1 mm.  
 

 

Appendix 7 Refer to Additional File 1 for: Table S1 Summary of total reads per sample (RNA-
sequencing data); Table S2 Metabolites identified in A. armata by GC-MS (across all samples); and 
Table S3 Significantly different metabolites (P ≤0.05) between baseline and day 0 samples and 
between control and induction samples on days 7, 14, and 21.  
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Appendix 8 PCA plot showing the gene expression profiles of A. armata during tetrasporogenesis 
comparing baseline, day 0, and control (CT) and induction (TR) samples on days 7, 14, and 21. Red 
and orange circles represent baseline (n = 5) and day 0 samples (n = 10), respectively. Turquoise, 
light green, and dark green circles represent control samples on days 7, 14, and 21 (n = 5), while 
pink, light blue, and purple circles represent induction samples on days 7, 14, and 21 (n = 5), 
respectively. 
 
 
 
Appendix 9 Refer to Additional File 2 for: Table S1–S4 Results of statistical analysis and gene 
annotations for differentially expressed genes (DEGs) identified between baseline and day 0 samples 
and between control and induction samples on days 7, 14, and 21.  
 
 
 
Appendix 10 Refer to Additional File 3 for: Table S1–S4 Enriched GO terms based on differentially 
expressed genes (DEGs) identified between baseline and day 0 samples and control and induction 
samples on days 7, 14, and 21, annotated to the category 'biological process'; and Table S5–S8 
Enriched KEGG pathways based on DEGs identified between baseline and day 0 samples and control 
induction samples on days 7, 14, and 21. 
 
 
       
Appendix 11 Refer to Additional File 4 for: Table S1 Details for specific differentially expressed genes 
(DEGs) associated with photoreceptors on day 7; Table S2 Details for specific DEGs associated with 
the phosphatidylinositol (PI) signalling system on day 7; Table S3 Details for specific DEGs associated 
with inositol phosphate (IP) metabolism on day 7; Table S4 Details for specific DEGs associated with 
polyamine production on days 7 and 14; and Table S5 Details for specific DEGs associated with C21-
steroid hormone metabolic process and steroid biosynthetic process on day 14.  
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Appendix 12 Chapters published as papers 
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76:103318 
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protocols for tetrasporogenesis of the antimethanogenic seaweed Asparagopsis armata. Journal of 
Applied Phycology 35:2323-2335 
 

Mihaila, A. A., R. J. Lawton, C. R. K. Glasson, and M. Magnusson. 2024. Moderate 
temperature and water flow increase growth during the nursery phase of Asparagopsis armata. Algal 
Research 78:103380 
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